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Abstract 
Current microalgal cultivation strategies and the unrefined oil produced (priced at 
~USD$294/barrel) (Benemann et al, 2012), have yet to produce globally significant amounts of 
commercially viable biofuels competitive with fossil derived crude oil currently at 
(USD$45.22/barrel WTI (Nymex) as of 28.08.2015) (Nasdaq, 2015). Underlying this issue is the 
economics of gross lipid production, a function of lipid content and cellular productivity. The 
survival response of microalgal strains that promote the accumulation of carbon as lipids typically 
occurs under stress conditions (such as nutrient deficiency) at the expense of cellular growth. This 
study explored alternative strategies that inhibit metabolic processes, cell growth and division, 
through the use of cytostatic inhibitors such as sodium oxamate and conazole fungicides to induce 
lipid production in the absence of low nutrient conditions. Additionally, the exogenous supply of 
glycerol as a potential source of additional carbon was also investigated to improve 
photoautotrophic microalgae growth. 
An inducible trigger for the rerouting of carbon towards lipid synthesis under nutrient replete 
conditions has great potential for research and commercial applications of microalgal biofuels. 
Photoautotrophic growth of locally collected strains was optimised through nutrient screens and 
subsequently dosed using the tested inhibitors. The testing of these inhibitors showed that sodium 
oxamate was able to inhibit cell division and increase the lipid content in most of the tested 
microalgae strains. On the other hand, conazole treatment was largely observed to decrease the 
cellular biomass of the microalgae, which suggests that carbon assimilation may have been reduced. 
The results indicate that both types of inhibitors were able to cytostatically affect most of the tested 
strains and that a number of strains responded well with increased lipid production. This process has 
allowed us to test the effectiveness of the compounds and to identify potential high lipid producers. 
Some species of microalgae are able to supplement CO2 fixation with the utilisation of exogenous 
carbon substrates, typically acetate or glucose. By exploring their facultative heterotrophic 
capabilities, photoautotrophic limitations such as light shading may be overcome. From a 
biotechnological perspective it would be advantageous if waste carbon streams from other processes 
could be used to supplement microalgal growth. One such byproduct is glycerol from the biodiesel 
industry. The radiolabelled results validated that glycerol is assimilated into central metabolism of 
Chlorella protothecoides and may be able to contribute towards cellular growth. 
The data presented in this thesis highlights that the microalgal metabolic diversity for particular 
biotechnological applications can be probed and manipulated by utilising inhibitors and substrates 
known to function on specific metabolic pathways. In chapter two, the hypothesis that sodium 
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oxamate can induce lipid production in microalgae was tested. The key finding was that sodium 
oxamate was able to induce as well as increase lipid production in microalgae; and that despite 
sharing metabolic pathways not all strains responded equally to sodium oxamate treatment. 
In chapter three, it was postulated that highly conserved sterol synthesis pathways between 
microalgae and fungi suggested that conazole fungicide compounds could be cytostatic in 
microalgae strains. Whilst published research results were unable to be replicated with Dunalliela 
tertiolecta (Baird and DeLorenzo, 2010) the key findings from this study reaffirmed that conazole 
treatment is cytostatic to microalgae and yielded increases in lipid production in Scenedesmus sp.. 
It has been reported in the literature that some microalgae species are able to grow heterotrophically 
on glycerol as a carbon source. However the media used often contain other confounding carbon 
substrates. In chapter four, glycerol assimilation into the microalgal metabolism was investigated 
using radiolabelled [14C]-glycerol in Chlorella protothecoides. Beta activity was detected in the 
biomass and a low level was observed in the Ca(OH)2 traps which validates that glycerol can be 
assimilated into its cellular metabolism. 
By identifying positively responding strains and utilising these seldom used modes of growth, 
alternate cultivation and lipid inducing strategies may be investigated to improve the biological 
economics of lipid productivity and improve the feasibility of microalgal biodiesel.  
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Chapter 1. Introduction 
1.1 Global challenges 
Addressing climate change, energy security and economic development are long term challenges 
for our society within a fossil fuel driven economy. Increasing industrialisation in emerging 
economies are anticipated to result in a marked increase in global energy demand; based on two 
centuries of fossil fueled success since the Industrial Revolution (Chichilnisky and Eisenberger, 
2009). 
Reports such as The Stern Review (Stern, 2006), Intergovernmental Panel on Climate Change 
(IPCC) Report (IPCC, 2007), and Garnaut Climate Change Review (Garnaut, 2008) outline that 
global warming poses one of the greatest challenges of our time and that drastic measures are 
required to moderate the effects of human induced climate change. Reported changes to the climate 
system are very likely due to increased use of fossil fuels which emit greenhouse gases (IPCC, 
2007, Nakicenovic, 1992); most importantly carbon dioxide (CO2) as one of the primary by-
products of combustion. 
Global scale carbon-climate observations from 1959 to 2010 have shown that net carbon dioxide 
uptake by natural carbon sinks have in fact increased by approximately 0.05 billion tonnes yr-1. Of 
the ~350 billion tonnes of carbon emitted during this period, 55% have been taken up by land and 
oceans whilst 45% have remained within the atmosphere (Ballantyne et al., 2012, Fargione et al., 
2008). Despite this, increased anthropogenic emissions since pre-industrial times have seen 
atmospheric CO2 rise from ~278 to over 402 ppm (June 2015) and increasing by ~2 ppm per year 
(Tans, 2012, Keeling, 2012) (NOAA, 2015). The accumulating global emissions within the 
atmosphere require mitigation and sequestration efforts as saturation of these sinks are predicted 
within the coming century (Ballantyne et al., 2012). Analyses of Antarctic ice cores have shown a 
strong synchronous correlation between atmospheric CO2 and surface air temperature. Data 
covering the last 800,000 years show parallel fluctuations between the two suggesting common 
mechanisms in global carbon lifecycle processes (i.e. ocean stratification and ice layers) (Parrenin 
et al., 2013). The resulting increase in surface air temperatures (i.e. global warming) further 
compounds the effects of already rising levels of CO2 as polar ice caps begin to melt, releasing 
thousands of years of stored CO2. A 350 ppm CO2 target first advocated by Hansen et al. in 2008 in 
order to drive policy discussion has since been widely endorsed as a realistic preliminary target as 
an upper limit for stabilisation of atmospheric CO2 (Baer et al., 2009, Clarke 2010, Hansen et al., 
2008). 
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In 2011, oil, gas, coal, nuclear, hydroelectric and other renewable sources supplied ~0.51 ZJ of 
global primary energy. Of this, ~87.1% is derived from fossil fuels (coal ~30.3%, gas ~23.7% and 
oil ~33.1%) (BP, 2012). As consumption of energy continues to increase (BP, 2012), the ultimate 
unsustainable supply of fossil fuels has brought about the urgent need for alternative sources of 
sustainable energy production. This has led to escalating efforts to develop low carbon technologies 
such as renewable energy. 
 
1.2 Renewable energy and biofuels 
Historically, the world transitions to different primary energy systems in observable trends as 
efficiency increases in an alternative energy source (i.e. ratio of economic activity to rate of energy 
used) (Devezas et al., 2008, Marchetii, 1977) (See Figure 1). Fisher and Pry described a substitution 
model which characterises the uptake of new technologies (e.g. primary energy) into a competing 
market in the classical S-shaped curve (Fisher and Pry, 1971). They stated that: 
“When a new method is first introduced, it is less well developed than the older method 
with which it is competing. It therefore is likely to have greater potential for 
improvement and for reduction in cost. Our second assumption is based upon the idea 
that any substitution that has gained a few percent of the available market has shown 
economic viability, even without the improvement and cost reduction that will come 
with increased volume, and hence that the substitution will proceed to 100 percent.” 
(Fisher and Pry, 1971) 
Advancing technology, improved energy density, power density and scalability in the succeeding 
energy source are some of the main factors that drive the substitution from wood to coal, oil and 
natural gas (fossil fuels) (Kessides and Wade, 2011). Since the 1970s however, deviations from the 
model were observed with sustained worldwide consumption of coal at the expense of natural gas. 
This may be in part due to reluctance in moderating coal technologies by both developed and 
rapidly industrialising countries seeking stability in energy sources (Modis, 2009, Devezas et al., 
2008, Smil, 2008, Hefner III, 2002, U.S. Energy Information Administration, 2012, Institute for 
Energy Research, 2010, BP, 2012). A potential consequence of the 1973 oil crisis where the volatile 
nature of oil prices were highlighted due to external influences (e.g. Yom Kippur War (Rustow, 
1974), USA peak oil production (U.S. Department of Energy, 2006), 1973 – 74 stock market crash 
(Davis, 2003), and the increasing authority of OPEC (Organisation of the Petroleum Exporting 
Countries) (Rustow, 1974), amongst others). Although projections predict a shift of global primary 
energy to a mix of natural gas, solar/fusion and nuclear (fission) technology in the near future 
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(Marchetii, 1977, Devezas et al., 2008, Modis, 2009), the uptake of such technologies have been 
met with resistance due to recent disasters. 
 
 
Figure 1: Worldwide consumption of primary energy sources. Projected curve-fits as a percentage of the total market 
(Hefner III, 2002). 
 
The production of globally significant amounts of sustainable fuel requires a renewable energy 
source sufficiently large enough to drive it. These include natural resources such as solar, 
hydropower, wind, biomass and geothermal technologies, which are able to make significant 
contributions to the world’s electrical demands. While technological advances have reduced the 
cost of such systems, the quality of energy generated with respect to intermittence, density, net yield 
and infrastructure is inferior to that of conventional fossil fuels (e.g. coal, oil and natural gas) 
(Cleveland, 2003, Kessides and Wade, 2011). It is unlikely that renewable energy will displace 
fossil fuels without legislating energy markets. To address climate change proactively and regain 
energy security and stability, global policies supporting environmental and energy security (i.e. 
emissions trading) are required to generate economic incentives to facilitate the transition 
(Cleveland, 2003, Nakicenovic, 1992). 
In 2008, 12.9% of the globe’s energy was generated from renewable resources producing ~63.5 EJ 
of primary energy (IPCC, 2012, Sawin et al., 2011). As the largest and most widely available 
renewable energy source, solar has the energetic capacity to replace fossil fuels. The amount of total 
solar energy irradiating the Earth amounts to ~5,495 ZJ yr-1 (Smil, 2008), ~10,765 times the total 
primary energy consumed in 2011 (BP, 2012). Of this, approximately 30% is lost through reflection 
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by aerosols and dust particles or absorption by gas molecules within the atmosphere (Stine and 
Geyer, 2001). Of the remaining solar energy available, 45.8% (~1,762 ZJ yr-1) is considered 
Photosynthetically Active Radiation (PAR, 400 – 700 nm) (Weyer et al., 2010, Goldman, 1979, Zhu 
et al., 2008). This portion of visible light both directly and indirectly supports nearly all life on 
Earth through photoautotrophs such as plants, algae and cyanobacteria (Xiong et al., 2000, Galston, 
1992). These organisms convert light energy into chemical energy in the form of energy rich 
molecules (carbohydrates, proteins and oils) via photosynthesis. A biochemical process which 
provides the vital intersect for the production of liquid biofuels such as bioethanol and biodiesel 
from solar energy (Knox et al., 2001, Madigan et al., 2003). 
First generation biofuels 
First generation biofuels from agricultural food crops primarily refer to the production of 
bioalcohol, biodiesel, biogas and solid biofuels (e.g. wood, etc.). Of these, bioethanol and biodiesel 
have matured commercially due to existing infrastructure and vehicle technologies for liquid fuels 
(Schubert, 2006, International Energy Agency, 2007). However, they are realistically unable to 
fulfil a fraction of the current (and projected) demands for liquid fuels without impacting on both 
arable land and threatening food supply (Huntley and Redalje, 2007, Schenk et al., 2008, Easson, 
2010). As mandates for biofuel use begins to drive global energy policies, the diversion of food 
crops for first generation biofuels creates a limit on production (‘food vs. fuel’). The environmental 
and economic constraints from these two competing markets conflict due to the amount of 
agricultural land and freshwater required (Scott et al., 2010, Schenk et al., 2008). 
Second generation biofuels 
The development of second generation biofuels is focused on its sustainable production. It aims to 
use marginal land for non-food energy crops (switchgrass and jatropha), ethanol production from 
cellulosic biomass such as agricultural green waste (stems, pulp and husk), industrial waste 
(woodchips) and municipal paper waste (Inderwildi and King, 2009). Lignocellulosics describes a 
bioethanol production process, which requires the additional extraction and conversion of 
carbohydrate polymers (cellulose and hemicelluloses) from lignin, into smaller polysaccharides. 
This can be achieved via hydrolysis or cellulase enzymatic digestion which are currently not cost 
effective (Lynd et al., 1991, Sun and Cheng, 2002). 
A number of contributing stimuli such as advancements in technology, economics, population 
growth and issues surrounding first generation biofuels have renewed interests in biofuel production 
from microalgae as second generation biofuels (Schenk et al., 2008, Stephens et al., 2010). 
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Research into the mass production of microalgae has long been well documented due to its 
sustainable potential as a feedstock crop. Photosynthetic conversion of light energy to biomass is in 
the range of ~2 – 5% efficiency (Zhu et al., 2008, Melis, 2009), this may be improved upon with 
minimised energy losses in both biology and engineering (e.g. reduced light-harvesting antenna 
sizes and bioreactor light penetration) (Mussgnug et al., 2007). Microalgae in particular are an 
efficient bio-energy solar converter and have been studied intensively due to their ability to produce 
biohydrogen gas, methane and ethanol via fermentation, combustion of the biomass, and biodiesel 
from extracted lipids (Gavrilescu and Chisti, 2005, Kruse et al., 2005, Sheehan et al., 1998, 
Spolaore et al., 2006, Stephens et al., 2010). Their advantage lies in their photosynthetic ability to 
convert atmospheric CO2 into biofuel feedstocks and other high value products whilst reducing the 
impact on food supplies, land area and freshwater (Huntley and Redalje, 2007, Schenk et al., 2008, 
Sheehan et al., 1998, Stephens et al., 2010, Reijnders, 2009). As a crop they are able to produce 
more biomass per unit area than terrestrial crops. Their short growth cycle allows multiple harvests 
allowing higher yields, with sustained productivities in excess of 20 g m-2 d-1 having been observed 
(Huntley and Redalje, 2007). 
 
1.3 Biodiesel, microalgal biodiesel and the impacts of hydrothermal liquefaction (HTL) 
1.3.1 Biodiesel 
As more manufacturers continue to improve diesel technology in vehicles. Biodiesel’s potential as a 
near-market transitional fuel continues to grow with the ever increasing market demand (Durrett et 
al., 2008). First generation biodiesel production reportedly costs approximately US$130 per barrel 
(U.S. Department of Energy, 2012). As the price of fossil oil reaches parity the economic 
production of biofuels becomes theoretically achievable. However, lack of feedstock required to 
supply the vegetable oil market for production has significantly hindered the industry’s capacity to 
commercially supply biodiesel (Schenk et al., 2008, Huntley and Redalje, 2007). 
The process of biodiesel production involves the transesterification of triacylglycerol (TAG) using 
an alcohol and a catalyst such as sodium methoxide which yields the glycerol backbone and three 
fatty acid alkyl esters which have diesel like properties (Gao et al., 2012, Schenk et al., 2008, 
Sheehan et al., 1998). 
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Figure 2: Transesterfication of triacylglycerol to fatty acid alkyl esters. R1, R2 and R3 represent fatty acid tails (Chisti, 
2007). 
 
In order to produce biodiesel, one must consider the properties desired and the combination of fatty 
acids required. The resulting fatty acid tails contained in the extracted alkyl ester molecules largely 
dictate the quality of biodiesel produced. As major constituents of lipid molecules the fatty acids are 
typically characterised by two factors; the length of the hydrocarbon chain and the number of 
double bonds present. This is determines characteristics such as oxidation susceptibility, cold flow 
properties (the temperature at which the fuel begins to solidify and seize engine components) and 
cetane number (which defines the combustion quality of diesel) (Schenk et al., 2008, Knothe et al., 
2005). Thus, biodiesel is restricted by specific chemical requirements of hydrocarbon chain and 
degree of saturation. A 5:4:1 mix of C16:1, C18:1 and C14:0 fatty acids have been proposed as an 
ideal blend for biodiesel with good cold flow properties, combustible quality and storage potential 
(Schenk et al., 2008). The potential of microalgae derived hydrocarbons for quality biofuel 
production, such as jet fuels (similar to diesel), has been demonstrated in a number of exhibition 
and commercial flights (Hilkevitch, 2011, Pew, 2010, News, 2009, Airlines, 2009). 
1.3.2 Microalgal biodiesel 
The length of microalgal fatty acids generally range between C12 to C22 and exist in saturated and 
various unsaturated states. The profile of fatty acid composition varies between microalgae species 
and is influenced by growth conditions (temperature, salinity, pH, light intensity and duration, 
nutrient status, etc.) and growth phase (Halim et al., 2012, Lim et al., 2012, Volkman et al., 1989, 
Brown et al., 1997, Hu et al., 2008). Dunstan et al. (1993) investigated that during culture growth 
algae would predominantly synthesise polar lipids during the exponential phase before switching to 
neutral lipid accumulation in stationary phase; the increase in TAG was found to be 19 – 34% 
(Dunstan et al., 1993, Hu et al., 2008). 
The higher areal productivity of microalgae compared to traditional crop plants coupled with their 
ability to synthesise lipids could significantly contribute to the supply of feedstock demands for 
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biodiesel; the simplest and most mature technology for biofuel production. Decades of isolation and 
screening studies have yielded a collection of high lipid producing (oleaginous) microalgal strains, 
which under stress conditions can contain 20 – 50 % lipids of dry cell weight (Hu et al., 2008). This 
has been observed across a number of strains, each with varying productivities. Several genera such 
as Chlorella sp., Dunaliella sp., Nannochloropsis sp., Phaeodactylum sp., Tetraselmis sp. and 
Botryococcus sp. are now intensively studied for their high lipid content, particularly under nutrient 
depleted conditions (Huntley and Redalje, 2007, Sheehan et al., 1998, Sharma et al., 2012). The 
accumulation of lipids occurs at the expense of culture growth affecting overall productivity; 
culture productivity and lipid content are therefore inversely proportional. Accumulated lipid bodies 
serve as a fatty acid reserve for energy, cellular division and membrane maintenance under stressed 
conditions (Dunstan et al., 1993, Roessler, 1990). 
The ‘low value’ of fuels in an industry with high capital and operating costs and a lack of policy 
drivers has impeded commercial production of microalgal biofuels. Despite many decades of 
research to overcome both engineering and biological limitations, the economics of commercial 
production is still in its infancy (Stephens et al., 2010, Schenk et al., 2008). Economic modelling of 
microalgal biofuels have been estimated in a number of studies, each with variations on 
photosynthetic efficiency, cultivation systems, productivities, government subsidies and co-
production (Gao et al., 2012, Huntley and Redalje, 2007, Stephens et al., 2010). General 
conclusions from these models suggest that for microalgal biofuels to be viable, a combination of 
reductions in capital and operating costs, improved productivity, a significant shift in economics, 
policy development and/or co-production of high value products (HVP) are required for a emerging 
industry to be self-subsidising until the technology and industry is able to mature (Huntley and 
Redalje, 2007, Stephens et al., 2010). A comprehensive study by Stephens et al. (2010) evaluated 
that 22 MJ m-2 d-1 of solar radiation may practically support the production of ~60 – 100 kL of 
microalgal oil ha-1 yr-1 and that an internal rate of return (IRR) of 15% may be achieved with the co-
production of HVP and price of fossil oil at US$100 per barrel (Stephens et al., 2010). 
The large scale cultivation of microalgae for the production of HVP such as β-carotene and omega-
3 polyunsaturated fatty acids (PUFAs) has been commercially achievable. Their nutritional benefits 
create a niche market where economics are less subjective to policies and other influencing factors. 
Despite their low yield, a premium market largely ensures economic viability (0.1% of β-carotene 
in algal biomass at $600/kg) (Stephens et al., 2010, Khozin-Goldberg et al., 2002, Bigogno et al., 
2002). 
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1.3.3 Hydrothermal liquefaction 
The process of hydrothermal liquefaction (HTL) has recently gained traction to convert wet algal 
biomass into a biocrude, and is reportedly an efficient process. The efficiency of the technology lies 
in the fact that it is able to thermochemically convert the entire cell biomass to produce a biocrude 
oil and does not require dewatering, solvent extraction or high lipid producing strains (Elliott et al., 
2013, Biddy et al., 2013, Barreiro et al., 2013). The process replicates the geological formation of 
natural fossil fuels and certainly holds promise for sustainable biofuel production. High 
temperatures (250 – 350ºC) and pressures (10 – 20 MPa) are applied to break down 
macromolecules (cellulose, lignin, carbohydrates, proteins and lipids) into their monomer units 
(hydrocarbons, sugars, fatty acids, etc.) (Elliott et al., 2013). The resulting biocrude with respect to 
yield and energy density is determined by the elemental constituents of the feedstock source and the 
operating conditions (Das et al., 2009, Chiaberge et al., 2014, Eboibi et al., 2014). A high oil and 
protein content biomass is ideally favourable for liquefaction as studies have shown that conversion 
of biocrude occurred more efficiently than with carbohydrates, which are best processed using a 
catalyst (Biller and Ross, 2011). However, proteins also create an additional process where 
heteroatoms such as N, O and S need to be removed in order to yield a pure biocrude (Barreiro et 
al., 2013). Whilst further research is still required in determining the influence of cell composition 
and operating parameters, product separation, by products, scale up, etc., it has been reported that 
the energy balance of HTL technology could become economically feasible in the near future 
(Elliott et al., 2013, Barreiro et al., 2013, Eboibi et al., 2014). 
 
1.4 Microalgal metabolism 
1.4.1 Carbon fixation and assimilation 
Most microalgae (i.e. Chlorophyta) fix carbon through photosynthesis. Using chemical energy 
generated from the light-dependent reactions in the chloroplast, CO2 is fixed in the Calvin cycle 
with water to synthesise glyceraldehyde 3-phosphate (G3P) which typically is used to form 
carbohydrates (Knox et al., 2001, Campbell and Reece, 2002). Some species of microalgae are 
facultative heterotrophs and can use organic carbon for both energy and as a carbon source 
(Richmond, 2004). An extensive summary of heterotrophic microalgal metabolism and substrate 
assimilation has been reviewed by Perez-Garcia et al. (2011). Under light conditions, this mode of 
growth may be favoured on its own or in conjunction with photosynthesis in which cells continue to 
obtain energy from light (photoheterotroph). The supplementation of an exogenous carbon substrate 
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for microalgal growth can increase biomass productivity and overcome issues of light limitation by 
using technologies developed for bacterial and yeast fermentation systems. Crude glycerol from the 
biodiesel industry is one carbon source useful for algal growth (Chatzifragkou et al., 2011, da Silva 
et al., 2009, Chen and Walker, 2011); however depending on the source of the substrate this may 
not always be the case. 
Previous research has shown that particular microalgae strains may be able to utilise glycerol for 
heterotrophic growth (Richmond, 2004). However it is unclear as to the fate of glycerol in some of 
these strains, whether it simply diffuses into the cell or is metabolically utilised either as an energy 
source or assimilated for biosynthesis. Whilst some species such as Dunaliella tertiolecta have been 
shown to import and release glycerol in response to hyperosmotic shock, they appear to be 
metabolically inactive (Lin et al., 2013). However, Dunaliella salina is reported to be able to 
reversibly metabolise glycerol from starch reserves in response to osmotic shock, which suggests 
that glycerol could indirectly be incorporated for the synthesis of other compounds (Borowitzka and 
Brown, 1974, Avron and Ben-Amotz, 1992, Craigie and McLachlan, 1964a). 
 
1.4.2 Lipid biosynthesis 
Carbohydrates, proteins and lipids are present in microalgae in varying proportions at different 
stages of growth. They provide a major substrate source for metabolism as an energy source and in 
the biosynthesis of other compounds (Becker, 1994, Dunstan et al., 1993, Guschina and Harwood, 
2006, Spoehr and Milner, 1949, Brown et al., 1997). Extensive coverage of lipid metabolism in 
microalgae is aptly covered by Guschina et al. (2006), Yu et al. (2011) and Riekhof et al. (2005). To 
simplify however, the most direct route for TAG synthesis occurs from the fixation of CO2 that is 
then converted to glycerol 3-phosphate (G3P) (Guschina and Harwood, 2006, Yu et al., 2011, 
Riekhof et al., 2005). G3P is then synthesised into diacylglycerol then to triacylglycerol (known as 
the Kennedy pathway) (Figure 3) (Durrett et al., 2008).  
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Figure 3: Overview of lipid metabolism in microalgae (Riekhof et al., 2005). This study primarily investigates 
metabolic inhibitors (oxamate and conazoles) that reportedly divert the flow of carbon towards the synthesis of 
triacylglycerol (TAG) as a storage compound. 
 
1.4.3 Lipid induction strategies 
Some microalgae possess survival strategies in which responses to transient physiological stress 
conditions result in the cells inducing the accumulation of lipids in the form of TAG. It is widely 
regarded that these lipid bodies serve as a metabolically active reservoir that the cell may draw upon 
in response to a change to favourable growth conditions. In a weight basis TAGs yield 2.25 times 
more energy than carbohydrates (Siaut et al., 2011). When microalgae growth conditions become 
optimal again they are able to catabolise these stores rapidly via beta oxidation to generate energy in 
the TCA cycle. Alternatively lipolysis may also occur to yield the carbon required for essential fatty 
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acids without performing de novo synthesis (Christie, 2014b, Bigogno et al., 2002, Khozin-
Goldberg and Cohen, 2006, Huppe and Turpin, 1994, Roessler, 1990). 
The ability for a cell to respond rapidly to external stimuli and alter its metabolism can be exploited 
for commercial applications (Roessler, 1990). As a result, a number of various lipid induction 
techniques in microalgae have been trialled over the years to induce this survival response (Sharma 
et al., 2012). Parameters that regulate microalgal growth such as pH, temperature, salinity, 
illumination and nutrition all provide a reasonable point of influence over cell metabolic processes. 
More importantly, they can also be used to influence the quantity and chemical composition of 
storage products such as proteins, lipids and carbohydrates (Hu et al., 2008). 
Nutrient starvation has been the most consistent form of lipid induction. Nitrogen depletion and has 
been observed in many different genera of microalgae such as Chlorella sp., Phaeodactylum sp., 
Chlamydomonas sp., Neochloris sp., Spirulina sp., Nannochloris sp., Scenedesmus sp. and 
Dunaliella sp. (Yu et al., 2009, Siaut et al., 2011, Tornabene et al., 1983, Tedesco and Duerr, 1989, 
Yamaberi et al., 1998, Sharma et al., 2012). Roessler, P. G. (1990) hypothesised that unlike proteins 
and nucleic acids, the synthesis of TAGs was able to continue in cells due its non-dependence of 
nitrogen atoms in the chemical structure (Flynn, 1991, Roessler, 1990, Turpin, 1991). Similarly, 
phosphate has also been reported to influence the quantity and composition of lipids. Phosphate 
depletion in a number of microalgal strains such as Monodus sp., Chlorella sp., Isochrysis sp., 
Phaeodactylum sp and Scenedesmus sp. have shown accumulation of TAG within the cytoplasm 
(Khozin-Goldberg and Cohen, 2006). Khozin-Goldberg et al. (2006) studied the effects of 
phosphate depletion in Mondus subterraneus and observed a significant decrease in phospholipid 
content whilst TAG content increased significantly (Khozin-Goldberg and Cohen, 2006). Likewise, 
cellular content of the glycerolipids were observed to increase, as well as changes to fatty acid 
profiling. The shift in cell composition to non-phosphate based membrane lipids was suggested as a 
survival strategy to reduce the dependence on phospholipids whilst maintaining membrane integrity 
(Khozin-Goldberg et al., 2002, Dörmann and Benning, 2002). 
Other lipid induction techniques as summarised by Sharma et al. (2012) include applying stresses 
by pH, salinity, temperature, light stress and UV irradiation (Sharma et al., 2012). Whilst some 
methods seem to induce lipid production better than others, their relative effect is largely strain 
dependent and may differ based on the nutritional supply (i.e. media formulation). 
In addition to environmental factors, genetic engineering can be used to influence lipid production 
by diverting carbon flows. For example, low or starchless mutants of Chlamydomonas reinhardtii 
have been found to divert carbon flows towards TAG synthesis, with increased lipid production 
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observed under nitrogen depletion conditions (Yu et al., 2013, Zabawinski et al., 2001)(Work et al., 
2010). Results from these studies give promise that microalgal metabolism may be manipulated by 
other means such as inhibitory compounds. Natural selection for strains found surviving in 
environments which fluctuate in and out of optimal conditions may have genetic drift occur through 
adaptive evolutionary processes over successive generations (Perrineau et al., 2014). Such 
microalgal strains may have evolved over time to produce and accumulate high amounts of lipids as 
a survival response. Whilst these traits may not be apparent under optimal growth conditions, one 
can probe this genetic diversity by applying stressors (whether by nutrient depletion and/or by 
inhibitory compounds) to induce lipid production. 
 
1.5 Thesis objectives 
This thesis tests three strategies to increase the lipid yield in microalgae for the purpose of lipid 
production. The first is to use known inhibitors of glycolytic pathways from mammalian systems, to 
see whether these will produce similar affects in microalgae (e.g. sodium oxamate). The second 
builds on the published observation that conazole fungicides halt cell replication and can lead to 
lipid accumulation (Baird and DeLorenzo, 2010). The third approach takes the argument that 
glycerol, a low value biodiesel waste product, can be used as a carbon source for heterotrophic 
growth, thereby making biodiesel production more efficient while sourcing a feedstock for 
microalgal photo/heterotrophic growth. Despite apparent demonstrations of the feasibility of this 
approach in the literature (Cerón-García et al., 2013, Chen and Walker, 2011, O'Grady and Morgan, 
2011), the uptake and utilisation of glycerol by microalgae has not been closely examined, nor has a 
comparison been conducted between utilising glycerol in this manner as opposed to other routes 
such as microbial fermentation. 
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Chapter 2. Inducing lipid production in microalgae with sodium oxamate 
2.1 Introduction 
In collaboration with Viral Genetics Energy Inc., a patented oxamate derivative, sodium oxamate 
(NaOx) (Patent WO 2011/043806 A2), which was reported to regulate plant metabolism for the 
production of fatty acids was tested against a range of high biomass producing microalgal strains 
(Newell et al., 2011). The concept of the invention originates from the treatment of tumors by 
interfering with energy pathways of the cell. The patent states that: 
“Plants, like mammals, can alternate between meeting their energy demands as a 
function of fuel availability, internal or external stressors (temperature or water 
availability, nutrient availability), or fuel demands on to the cell.” 
The Warburg effect describes an elevated metabolic state of cancer cells, which bypasses cellular 
respiration and relies on an increased level of glycolysis to meet the energy requirements for 
accelerated cell replication (Warburg, 1956, Hsu and Sabatini, 2008, Zhai et al., 2013). Pyruvate is 
converted to lactate, yields NAD+ and is catalysed by lactate dehydrogenase (LDH, EC 1.1.1.27) as 
a fermentative product despite being under aerobic conditions (Campbell and Reece, 2002, Madigan 
et al., 2003, Thornburg et al., 2008, Bairoch, 2000). In mammalian cancer research, oxamate 
derivatives are used as structural analogs to bind and inhibit LDH to cytostatically inhibit cell 
growth by attenuating the glycolytic process (Wilkinson and Walter, 1972). Under anaerobic 
conditions this blocks lactate production from pyruvate and the subsequent regeneration of NAD+ in 
malignant cells. (Figure 4) (Novoa et al., 1958, Thornburg et al., 2008). Oxamate also inhibits the 
enzyme pyruvate carboxylase (PC, EC 6.4.1.1) which catalyses the conversion of pyruvate into 
oxaloacetate, the first step in gluconeogenesis (Figure 5) (Zeczycki et al., 2010). 
 
Figure 4: Chemical structure of sodium oxamate. As a pyruvate analog it binds to lactate dehydrogenase to form an 
inactive complex and inhibits pathways involved in energy metabolism. 
 
Although algal cultures are typically grown under aerobic conditions these shared pathways still 
remain functional within microalgae. Halotolerant strains such as Dunaliella salina can reportedly 
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metabolise starch reserves rapidly to synthesise glycerol (Borowitzka and Brown, 1974, Craigie and 
McLachlan, 1964a). This helps regulates the catalytic processes of enzymes by preventing 
denaturation under osmotically stressful conditions (Yancey et al., 1982, Saburova et al., 2000). The 
role of LDH in strains such as D. salina (and to a lesser extent non-halotolerant strains such as C. 
reinhardtii) serves as a regulatory point for glycerol synthesis (Saburova et al., 2000). As alkalinity 
of the cytoplasm increases due to hyperosmotic shock, LDH’s affinity for NADH decreases, 
inhibiting the terminal steps of glycolysis, shunting accumulating metabolites towards glycerol 
synthesis (Goyal and Gimmler, 1989, Gimmler et al., 1988). Cell viability relies on such adaptive 
strategies that have evolved to address environmental conditions. By manipulating these adaptive 
mechanisms algal metabolism can be utilised to produce lipids for biofuels. It was postulated that 
NaOx will likewise inhibit LDH in microalgae as many eukaryotes share the same metabolic 
processes (Madigan et al., 2003, Lain-Guelbenzu et al., 1990, Gruber et al., 1974, Shen et al., 2006). 
As mitochondrial metabolism is tightly regulated by pyruvate dehydrogenase (EC 1.2.4.1) which 
controls the flux of metabolites from glycolysis into the tricarboxylic acid cycle (TCA) cycle this 
process should remain largely unaffected (Campbell and Reece, 2002, Madigan et al., 2003, Gruber 
et al., 1974). The Kennedy pathway (as previously outlined) should also remain unaffected. Figure 
5 illustrates the glycolytic (and the reversible gluconeogenic) pathway in which glucose from 
photosynthesis is converted into pyruvate in a process that yields ATP and NADH. This project 
tests the hypothesis that similar to glycerol synthesis in Dunaliella, accumulating metabolites will 
cause the cell to divert some of the excess carbon into storage compounds. An alternative to the 
TCA cycle and the is the ‘glycerol-3-phosphate shuttle’, which regenerates NAD+ and subsequently 
forms glycerol-3-phosphate, a precursor for lipid synthesis (Shen et al., 2006, Berg et al., 2002, 
Knox et al., 2001). This pathway serves as the major link between carbon metabolism and lipid 
synthesis where the glycerol 3-phosphate then forms the backbone of TAGs. The buildup of excess 
pyruvate may also be converted to acetate and subsequently to acetyl-CoA which catalyses the 
committing steps towards lipogenesis in the chloroplast (Guschina and Harwood, 2006).  
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Figure 5: The proposed metabolic route taken by lipid producing algal cells. In cancer treatment, lactate production is 
shut down by inhibition of LDH with NaOx which then can divert metabolites towards lipid biosynthesis. 
 
The biodiversity of microalgae means that strains have varying nutritional requirements. Before 
NaOx can be added to microalgal cultures, a nutrient-screening assay was therefore required to 
provide optimum growth conditions for each strain to ensure that no limiting factors would 
confound the results of lipid production. Performed in two stages (named Screen 1 and Screen 2), 
this assay provides a high-throughput examination of 21 macro- and micronutrients (including 
vitamins B1 and B12) and is able to simultaneously cover 1728 mini experiments under 
photoautotrophic conditions. In Screen 1, 60 different formulations of nitrogen compounds and 
potassium phosphate are optimised for the maximum specific growth rate and total biomass. In 
Screen 2, 10 secondary nutrients (Ca, Mg, B, Cu, Fe, Mn, V, Se, Si and Zn) are adjusted at three 
concentration levels using a Box-Behnken designed analysis to generate 180 different media 
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formulations. The incomplete factorial design allows us to explore the effects each nutrient has with 
respect to the response variables to create a nutrient medium optimum for each strain. 
Questions relating to the methodology and reference strains outlined in the patent were also 
addressed. VG Energy used Lysosensor Green for lipid detection which becomes fluorescent in 
acidic environments and this was compared with the industry standard Nile Red. Schizochytrium 
sp., a fungi which they wrongly claim to be photosynthetic and algae-like, Chlamydomonas 
reinhardtii, a known starch producing strain (which was also included in the present study) and the 
germinating seeds of corn, oat, cucumber and pea were used as references to outline the invention 
(Newell et al., 2011). Chlorella protothecoides was additionally included as a reference strain for 
comparison as it is a metabolically versatile strain and a known lipid producer (Xu et al., 2006). 
Dose-response trials were conducted to observe the effects of varying NaOx concentrations on 13 
selected microalgae strains (two commercial references and 11 locally isolated strains). The locally 
collected strains were initially selected based on their good growth characteristics in our culture 
collection and have not been proven for lipid production. The number of strains was whittled down 
based on their performance in terms of specific growth rate, maximum biomass, lipid content and 
cell size. These strains were then trialled with timed addition of NaOx to allow for sufficient 
biomass growth and compared against standard lipid induction with nitrogen depletion. 
Culture growth and lipid production is mutually exclusive (Rodolfi et al., 2009). Strains that 
naturally produce high levels of lipids are usually slow growers (e.g. Botryococcus sp.) or only do 
so under non-replicating conditions (e.g. N-depletion and late exponential phase). As each species 
may respond differently to stressors such as nutrient depletion or metabolic inhibition; such 
screening approaches can help identify strains of interest of unknown metabolism. These screens 
are also useful for testing strains that may inherently not be natural lipid producers. If inhibiting 
compounds such as NaOx can manipulate metabolic pathways to induce lipid production, 
cultivation and dosage regimes can be optimised to achieve high productivity (maximum biomass 
and lipid content). 
 
2.2 Materials and methods 
2.2.1 Strains and culture conditions 
Two control strains, Chlamydomonas reinhardtii 137c (Australian National Algae Culture 
Collection - CSIRO, Australia), Chlorella protothecoides UTEX 256 (University of Texas, USA) 
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and 11 locally isolated Australian Chlorophytes (Strains: Chlorella sorokiniana GWW, 23, GR 
ISO1, Scenedesmus acuminatus UQ ISO 7, BL ISO17, Kirchneriella obesa 4A_2, Monoraphidium 
convolutum 9 (FW), 20_1, Rhombocystis complanata SF ISO5, SF ISO8 and 29_1b) were 
maintained on agar plates under photoheterotrophic conditions on tris-acetate-phosphate (TAP) 
medium (pH 7, Tris-HCl [0.02 M], NH4Cl [7 mM], MgSO4.7H2O [0.83 mM], CaCl2.2H2O [0.45 
mM], K2HPO4 [1.65 mM], KH2PO4 [1.05 mM], Na2EDTA.H2O [0.13 mM], ZnSO4.7H2O [0.14 
mM], H3BO3 [0.18 mM], MnCl2.4H2O [40 µM], FeSO4.7H2O [32.9 µM], CoCl2.6H2O [12.3 µM], 
CuSO4.5H2O [10 µM], (NH4)6MoO3 [4.44 µM]) (Gorman and Levine, 1965). 
Strains were then cultivated under photoautrotrophic conditions using Bold’s Basal Medium with 3-
fold nitrogen and vitamins; modified (3N-BBM+V) (ph 7, NaNO3 [8.82 mM], CaCl2.2H2O [0.17 
mM], MgSO4.7H2O [0.30 mM], K2HPO4.3H2O [0.43 mM], KH2PO4 [1.29 mM], NaCl [0.43 mM], 
Na2EDTA.2H2O [1.54 µM] , FeCl3.6H2O [2.15 µM], MnCl2.4H2O [1.24 µM], ZnCl2.6H2O [1.23 
µM], CoCl2.6H2O [5.04 µM], Na2MoO4.2H2O [9.92 µM], thiamine HCl [52 µM] and 
cyanocobalamin [0.14 µM]) for starter cultures to deplete cultures of any exogenous carbon 
(Bischoff and Bold, 1963, Bold, 1949a). All strains were cultivated under continuous white 
fluorescent lights (100 µE m-2 s-1), unless stated otherwise. 
Glassware and bulk liquid media (TAP and 3N-BBM+V) were both sterilised by autoclaving 
(121ºC for 30 minutes). All steps involving the transfer of microalgae and sterile media were 
performed in a laminar flow cabinet, sterilised via UV irradiation for a minimum of 20 minutes 
prior to operation. External surfaces of items were sprayed with 70% (w/w) ethanol before entry 
into either the laminar flow Tecan Freedom Evo and allowed to evaporate completely prior to 
handling. 
Starter cultures were inoculated in Erlenmeyer conical flasks with an approximate 20% volume to 
flask ratio (e.g. 50 mL culture in 250 mL flask), which was found suitable to maintain suspension of 
microalgae whilst shaken at 200 rpm. Flask lids were loosely capped to allow gas exchange. 
 
2.2.2 Nutrient optimisation 
A range of nutrient conditions was assessed in a two stage screen conducted in 150 µL trials. 
Different nutrient combinations were dispensed into Nunc 96 multiwell plates according to the 
templates (Figure 6), and gamma irradiated (90 minutes, 2 kGy) before being frozen at -20ºC until 
required. Vitamin stocks were added aseptically at room temperature (RT, ~23ºC). Where optimum 
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media was established for a given strain, larger volumes of liquid media were sterilised using 0.22 
µm membrane filters (Millipore). 
Starter cultures were centrifuged (500 g, 20 minutes), washed in and then resuspended in Tris-HCl 
[50 mM] and either concentrated or diluted accordingly for an inoculation of OD750 ~0.1 across all 
wells. An increased inoculating density was used due to photoautotrophic growth. Nutrient screens 
were carried out in a modified Tecan Freedom Evo robotics system consisting of three orbital 
shakers (IKA KS 130 control) with each supporting six multiwell plates, an array of cool white 
fluorescent lights set at an intensity of 125 µE m-2 s-1 (multiwell plate surface) and Get Red-y gas 
flow software regulating CO2 levels at 1 ±0.2%. The approximate average temperature measured in 
the growth chamber was ~ 23ºC (RT). Shakers (600 rpm) and robotics were programmed using 
Tecan Freedom EVOware 2 (standard edition) software. OD750 measurements occurred at 3 hour 
intervals for ~72 hours using the Tecan Infinite 200 Pro multiwell plate reader and exported to 
Microsoft® Excel spreadsheets using programmed macros. All OD750 values refer to measurements 
taken from the plate reader unless stated otherwise. 
The raw data was transformed using a sigmoidal-dose response (variable slope) curve-fit using 
Graph Pad Prism to generate growth curves. Curve fits with an R2 value >0.90 were selected and 
analysed to exclude unreliable data sets. 
 
2.2.2.1 Screen 1 
The first screen analysed a range of primary macronutrients, nitrogen compounds and 
concentrations against varying concentrations of potassium-phosphate (Table 1). 
Table 1: Concentrations of primary macronutrients tested for Screen 1. 
Compound 
type 
Concentrations tested 
NaNO3 0 mM 4.4 mM 8.8 mM 13.2 mM 30 mM 
NH4Cl 0 mM 4.2 mM 8.4 mM 12.6 mM 30 mM 
(NH2)2CO 0 mM 3.8 mM 7.5 mM 11.3 mM 15 mM 
NH4NO3 0 mM 3.8 mM 7.5 mM 11.3 mM 15 mM 
KH2PO4 0 mM 2 mM 10 mM   
 
All other secondary macro- and micronutrients were maintained as constant levels within the basal 
media (CaCl2.2H2O [0.43 mM], MgSO4.7H2O [0.75 mM], H3BO3 [0.18 mM], CuSO4.5H2O [6.4 
µM], FeSO4.7H2O [1 µM], MnCl2.4H2O [25.8 µM], VOSO4 [9 nM], Na2O3Se [0.1 µM], Na2O3Si 
[0.27 mM], ZnSO4.7H2O [77 µM], Na2.MoO4.2H2O [0.89 µM], CoCl2.6H2O [6.7 µM], 
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Na2EDTA.2H2O [0.5373 mM], Tris-HCl buffer [100 mM] (pH 7), thiamine HCl [52 µM] and 
cyanocobalamin [0.14 µM]). 
The concentrations for the basal media are based on an average of 11 commonly used media found 
in microalgal cultivation literature. These include: Tris-acetate-phosphate (TAP) medium (Gorman 
and Levine, 1965, Hutner et al., 1950), Sueoka’s high salt medium (HSM) (Sueoka, 1960), 
Johnson’s medium (Johnson et al., 1968), Bristol medium (Bold, 1949b), Botryococcus medium 
(UTEX, 2012), Spirulina medium (UTEX, 2012), M4N media (Rippka et al., 1979), 3N-BBM+V 
(Bold-basal medium with 3-fold nitrogen and vitamins; modified) (Bischoff and Bold, 1963, Bold, 
1949a), Del Río medium (Del Río et al., 2005) and BG11 medium (Rippka et al., 1979). 
Combinations of nitrogen and phosphate were dispensed into individual wells according to Figure 
6. Concentrations of the different nitrogen sources were standardised for the number of N atoms in 
the compound. TAP media was used as a photoheterotrophic control medium. Multiwell plates were 
sterilised via gamma irradiation prior to addition of vitamins and inoculated with two replicate sets 
of strain C. protothecoides and C. reinhardtii 137c. This was repeated for strains: C. sorokiniana 
GWW, 23, GR ISO1, S. acuminatus UQ ISO 7, BL ISO17, K. obesa 4A_2, M. convolutum 9 (FW), 
20_1, R. complanata SF ISO5, SF ISO8 and 29_1b. 
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Figure 6: Nutrient Screen 1 template. Three 96-well plates covers 60 potassium/nitrogen combinations of varying 
concentrations not including photoheterotrophic controls (TAP). The layout can analyse four strains individually or two 
duplicates (as shown).  
 
For each generated growth curve the maximum specific growth rate and maximum biomass, µmax 
and OD750-max respectively, was calculated and analysed to identify the optimum nitrogen and 
phosphate conditions. µmax is calculated as the natural log of greatest observed increase in OD750 
over a defined period of time; this is best described by the equation ln
∆𝑂𝐷750
∆𝑡
 and occurs during 
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exponential phase of growth. The first nine hours of the dataset (post inoculation) were truncated to 
avoid any carry over/acclimatisation and aggregative effects. OD750-max occurred during the 
stationary phase. 
As the observations of these two measurements occurred at different time points in the growth 
phase, consideration was given to the analysis of nitrogen and phosphate conditions which yielded 
the best pair of µmax and OD750-max; and not necessarily the highest µ or OD750 of the dataset 
individually. 
 
2.2.2.2 Screen 2 
Based on the Screen 1 data (See 2.3.1.1 Screen 1 – Nitrogen and phosphate optimisation), 10 of the 
top performing strains and their nitrogen and phosphate conditions (C. sorokiniana GWW - NH4Cl 
[12.6 mM] and KH2PO4 [2 mM]; Strain 23 - NH4Cl [30 mM] and KH2PO4 [10 mM]; Strain GR 
ISO1 - NH4Cl [30 mM] and KH2PO4 [2 mM]; S. acuminatus UQ ISO 7 - NH4NO3 [11.3 mM] and 
KH2PO4 [2 mM]; Strain BL ISO17 - CO(NH2)2 [11.3 mM] and KH2PO4 [2 mM]; K. obesa 4A_2 - 
(NH2)2CO [7.5 mM] and KH2PO4 [2 mM]; M. convolutum 9 (FW) - NH4Cl [30 mM] and KH2PO4 
[2 mM]; Strain 20_1 - NH4Cl [30 mM] and KH2PO4 [10 mM; C. protothecoides - NH4Cl [30 mM] 
and KH2PO4 [2 mM]; and C. reinhardtii 137c - NH4NO3 [7.5 mM] and KH2PO4 [2 mM]) were 
maintained as constants for ‘Screen 2’. 
Ten secondary macro- and micronutrients (CaCl2.2H2O [0.43 mM], MgSO4.7H2O [0.75 mM], 
H3BO3 [0.18 mM], CuSO4.5H2O [6.4 µM], FeSO4.7H2O [1 µM], MnCl2.4H2O [25.8 µM], VOSO4 
[9 nM], Na2O3Se [0.1 µM], Na2O3Si [0.27 mM] and ZnSO4.7H2O [77 µM]) were adjusted at three 
concentrations (0.5x, 1x and 2x of the basal concentration) using response surface methodology (10 
factor, 3 level Box-Behnken design) for each strain. In this design, four of the 10 factors (nutrients) 
are varied at the previously mentioned concentration levels (designated as -1, 0 and 1, respectively) 
at any one time to generate 180 media combinations including 20 centre points (CP) (See Appendix 
4.1, Table 10). Na2.MoO4.2H2O [0.89 µM], CoCl2.6H2O [6.7 µM], Na2EDTA.2H2O [0.5373 mM], 
Tris-buffer [100 mM] (pH 7), thiamine HCl [52 µM] and cyanocobalamin [0.14 µM] were 
maintained as constants. 
Each media combination was assigned a ‘media number’ and individually dispensed into respective 
wells as per the Screen 2 template (Figure 7). TAP medium was used as a photoheterotrophic 
control medium. The media is dispensed robotically to minimise cross contamination within the 
wells. 20 center points (CP) were scattered throughout the plate and function as a control/reference 
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points for the dispensing and the data (Figure 7). Plates were sterilised via gamma irradiation prior 
to aseptic inoculation of axenic cultures in the laminar flow unit and grown for 72 hours. Within the 
Tecan Freedom Evo, the multiwell plates lids remain loosely closed whilst shaking and are only 
removed for absorbance reading via an automated robotic arm. Only a single plate is exposed to the 
contained environment at any one time. This minimises cross contamination from other multiwell 
plates. 
 
Figure 7: Nutrient Screen 2 template. Two 96-well plates dispensed robotically, covers 180 combinations of Ca, Mg, B, 
Cu, Fe, Mn, V, Se, Si and Zn at either 0.5x, 1x and 2x of the basal concentration inclusive of 20 center points (CP) and 
three photoheterotrophic TAP controls. This layout analyses one strain at a time. 
 
The µmax and OD750-max values were calculated for each growth curve-fit and processed using 
Minitab® version 16.2.1 with the corresponding factor combination to generate ANOVA (analysis 
of variance) main effects plots. The main effect plots for each respective factor was then analysed 
individually to assess the impacts of decreasing (0.5x), maintaining (1x) or increasing (2x) the 
concentration of nutrients on the maximum specific growth rate or maximum biomass. If disparity 
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was observed in the main effects plots between µmax and OD750-max, preference was given to OD750-
max with consideration to increased biomass for lipid analysis. 
 
2.2.3 Fluorescent detection of lipids using LysoSensor Green DND-189 and Nile Red 
The biomass in low volumes (150 µL) of culture samples was insufficient for the gravimetric 
determination of intracellular lipids and thus lipids were measured as an extrinsic parameter using 
the fluorescent probes. The use of LysoSensor Green DND-189 (LSG) (Molecular Probes, 
Invitrogen) was outlined in the patent and based on mammalian assays (Newell et al., 2011), 
whereas the Nile Red (NR) (Sigma-Aldrich) has been established as the industry standard for 
microalgae (Greenspan et al., 1985, Chen et al., 2009). In order to determine the lipid detection 
capability between the two, fluorescent assays using LSG and NR were conducted over a time 
course to track lipid accumulation in C. prothecoides and C. reinhardtii 137c via nitrogen depletion. 
By using dual estimation methods one can ensure that the lipid detection methodology used by 
Newell et al. (2011) was suitable (Newell et al., 2011). 
Culture growth was monitored by turbidmetric analysis measuring optical density (OD750) 
commonly used for the estimation of cell concentration. It is also a function of cell morphology 
such as shape and size and as such used for the proxy of culture biomass. 
Starter cultures were centrifuged (500 g, 20 minutes), washed in and then resuspended in Tris-HCl 
[50 mM] and either concentrated or diluted according to OD750. Each strain was inoculated at OD750 
0.05 in 100 mL of TAP medium and cultivated under 24 h cool white fluorescent lights. Cultures 
were observed to late exponential phase (maximum biomass) at 42 hours. Cells were harvested via 
centrifugation (500 g, 20 minutes) and re-suspended into 100 mL of nitrogen deplete TAP medium 
(TAP-N). For the negative control cultures, cells were simply resuspended into the existing medium 
after centrifugation and washing with Tris-HCl. 
2 x 150 µL of each culture was sampled daily and OD750 measured in a Nunc 96 multiwell plate 
using a Tecan Infinite 200 Pro multiwell plate reader. Samples were then divided into 50 µL 
aliquots and dyed with LysoSensor Green (22.5 µL of purified water (Elga, Classic), 25 µL 
dimethyl sulfoxide (DMSO) and 2.5 µL LysoSensor Green DND-189 (0.1 mM, 100% DMSO)) and 
Nile Red (22.5 µL of purified water (Elga, Classic), 25 µL dimethyl sulfoxide (DMSO) and 2.5 µL 
Nile Red (50 µg/mL, 50% (v/v) acetone:water)) using a modified method published by Chen (Chen 
et al., 2009). The multiwell plate was incubated in the dark (40ºC, 600 rpm, 10 minutes), then 
shaken linearly (20 seconds, 1.5 mm amplitude) followed by a 5 second pause before fluorescence 
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measurement with a Tecan Infinite 200 Pro fitted with Quad4 Monochromators. LSG samples were 
excited at 488 nm and emission recorded at 530 nm and NR samples were excited at 530 nm and 
emission recorded at 575 nm. Both OD750 and fluorescent data were exported as Microsoft Excel 
spreadsheets. 
Dyed cells were observed under a fluorescent microscope (Nikon Ti-U, 120W mercury intensilight 
fibre light source, GFP filter set (Excitation: 480/40, Dichroic: 505DCLP, Emission: 535/50)) and 
imaged using NIS-Element BR software with a Nikon Digital Sight DS-U2 (with 5 MP colour and 
1.3 MP mono heads) exposed for 400 ms. 
 
2.2.4 Dose-response of sodium oxamate 
The optimum medium was individually formulated for each of the 10 best growing strains to 
empirically assess the dose-response of sodium oxamate (NaOx) (See Table 2 and Table 4). For 
example, C. protothecoides - NH4Cl [30 mM], KH2PO4 [2 mM], CaCl2.2H2O [0.85 mM], 
MgSO4.7H2O [1.5 mM], H3BO3 [0.092 mM], CuSO4.5H2O [3.2 µM], FeSO4.7H2O [1 µM], 
MnCl2.4H2O [25.8 µM], VOSO4 [18 nM], Na2O3Se [0.2 µM], Na2O3Si [0.546 mM], ZnSO4.7H2O 
[0.077 mM], Na2.MoO4.2H2O [0.89 µM], CoCl2.6H2O [6.7 µM], Na2-EDTA.2H2O [0.5373 mM], 
Tris-HCl buffer [100 mM] (pH 7), thiamine HCl [52 µM] and cyanocobalamin [0.14 µM]). 
Stock solutions of NaOx were solubilised in purified water (18.2 MΩ cm at 25 °C) and added to the 
media at increasing semi-logarithmic concentrations [0, 0.3, 1.5, 3, 15, 30, 150, 300, 1,500, 3,000, 
15,000 and 30,000 µM]. 
 
Figure 8: NaOx dose-response template. Two strains covering 12 different concentrations of NaOx in triplicate and one 
row of controls can be analysed on a 96-well plate. 
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OD750-max and µmax were calculated using curve-fit growth data generated from GraphPad Prism. To 
do so, the raw OD750 curves were graphed, analysed and deconvoluted for aggregation anomalies 
due to effects of inoculation and NaOx addition. As shown in Figure 9, the data from 0 – 9 h were 
manually excluded in order to achieve a curve-fit. This truncated range was then applied equally 
across the entire dataset. In certain instances the addition of NaOx particularly at low cell biomass 
negatively affected the growth of some strains and the entire replicate were not able to be 
transformed appropriately with an R2 value <0.90. 
 
Figure 9: Curve-fit of C. protothecoides raw data. The first four time points were manually excluded to achieve a 
representative sigmoidal curve-fit. 
 
The µmax and OD750-max data was compared and plotted across increasing concentrations of NaOx 
for each strain to reveal any growth trends from NaOx treatment and supported by a visual analysis 
of the multiwell plates. Rows D and E were additionally inoculated as untreated controls and 
monitored for OD750 growth but were not considered for flow cytometry. The datasets were further 
analysed to determine when µmax and OD750-max occurred (defined as exponential phase). This was 
done by conditionally formatting the datasets with a colour scale and the maximum function in 
Microsoft® Excel (See Figure 10). 
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Figure 10: Colour scaled growth rate (left) and biomass (right) datasets of C. protothecoides control cultures. Low 
values are shaded red and transition to yellow to green as they increase. µmax and OD750-max are additionally highlighted 
in pink. Timing of µmax occurs during exponential growth phase and OD750-max occurs at stationary growth phase. 
 
2.2.5 Flow cytometric analysis 
50 µL of each culture was sampled in the stationary phase (~72 hours) and incubated with Nile Red 
in multiwell plates (See 2.2.3 Fluorescent detection of lipids using LysoSensor Green DND-189 and 
Nile Red). Loader settings for all samples were set at: sample flow rate: 0.5 µL/sec, sample volume: 
20 µL, mixing volume: 60 µL, mixing speed: 180 µL/sec, number of mixes: 5 and wash volume: 
400 µL. Multi-parametric analysis was performed using a BD FACSCanto II (BD Biosciences) 
flow cytometer fitted with a BD High Throughput Sampler (HTS). The parameter voltage gain 
settings used were as follows: 
Strains/Voltage Parameters FSC SSC B_530/30 B_585/42 B_670LP 
C. reinhardtii 137c 180 350 500 460 300 
S. acuminatus UQ ISO 7 180 350 500 400 300 
All other strains 280 350 500 400 300 
 
Microalgal cells were excited using the 488 nm blue argon laser and inclusively but loosely gated 
on density plots as a population of similarly sized auto-fluorescing events using forward scatter 
(FSC-A) and the B_670LP-A (long pass) filter to analyse cell size and chlorophyll fluorescence 
respectively (Figure 11a). Of this population the extrinsic yellow NR fluorescence emission (λ=575 
nm) - indicative of a hydrophobic environment (i.e. lipids), was recorded using the B_585/42-A 
band pass filter as a proxy for intracellular lipid content. 
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Data analysis was performed on the FACSDiva software (BD Biosciences) with global worksheets 
defined for each strain. The estimated histogram peak(s) of NR fluorescent cells and forward light 
scatter were compared in an increasing concentration series of NaOx to observe for relative shifts in 
the population (Figure 11b & d). The distributions were analysed as a contour plot to identify the 
populations present based on the correlations between the two parameters (Figure 11c). The data 
was holistically considered for trends relative to the concentration of NaOx treatment across the 
series. Cultures that recorded a notable increased shift in the NR distribution due to NaOx treatment 
were further analysed for side scatter pulse width. 
 
Figure 11: C. protothecoides flow cytometry analysed parameters, based on untreated control replicate. B_670LP-A: 
chlorophyll auto-fluorescence, FSC-A: cell size, B_585/42-A: Nile Red fluorescence. (a) Gated population of similarly 
sized chlorophyll fluorescing microalgal cells to be analysed. (b) NR fluorescence profile of lipid containing cells 
within the gated population. (c) NR fluorescence correlation with cell size. (d) Forward light scatter profile of similarly 
sized microalgal cells within the gated population. 
 
2.2.6 Side scatter pulse width cell sizing 
Based on the initial flow cytometry results the five strains C. protothecoides, S. acuminatus UQ ISO 
7, M. convolutum 9 (FW), strain 20_1 and K. obesa 4A_2 were discretely gated into low and high 
B_585/42-A populations (i.e. NR fluorescing cells containing lipids) based on the control cultures 
(Figure 12a). The high NR population (P3) was broadly gated to cater for shifts in the distribution 
and may include skewed outliers. 
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Figure 12: C. protothecoides untreated control replicate. (a) The two gated populations of low and high NR 
fluorescence. 
 
The SSC-W was then analysed as a single parameter histogram where the peaks for the gated low 
and high NR populations (i.e. high lipid containing cells) were compared. Overlapping peaks 
indicated that the pulse duration (cell size) between the two were identical, whereas an increased 
shift of the high NR population (blue) as shown in Figure 13a indicated longer pulse duration 
corresponding to an increase in cell size. Contour plots were also analysed to unmask the low NR 
population, this allows us to compare the correlation of cell size as cells transition from low to high 
NR. SSC-W trends were analysed across the dose-response concentration series to determine the 
ideal concentration of NaOx to induce lipid production. The SSC-W data also helps us consider the 
contributing factors of OD750 measurements; whether the cells in the culture are replicating and thus 
increasing in cell number or if replication has stopped with cells increasing in size. Whilst this may 
not be important in terms of final biomass achieved, it does have a bearing on overall productivity 
particularly in continuous culture systems. 
 
Figure 13: C. protothecoides untreated control replicate. (a) Offset peaks in the pulse width histogram indicate that high 
NR cells (blue) are larger than the low NR cells (green). (b) The contour plots help unmask the correlation of the low 
NR SSC-W (green) which would otherwise be covered by the high NR population (blue). 
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2.2.7 Time course Nile Red fluorescence of delayed administration of oxamate addition 
Growth and NR fluorescence was observed over a ~190 h time course with the timed addition of 
NaOx (at early and late exponential phase) to identify a more effective dosage regime aimed at 
improving overall productivity (both microalgal growth and lipid accumulation) for C. 
protothecoides, K. obesa 4A_2, Monoraphidium convolutum 9 (FW), strain 20_1 and S. acuminatus 
UQ ISO 7. 
Four 96-multiwell plates were used for each strain, two for NaOx and two for the nitrogen induced 
controls. Optimum media was dispensed and cultures inoculated at OD750 ~0.2.  Conditions in the 
growth chamber were adjusted to minimise the effects of evaporation over the prolonged 
experiment. Culture volume was increased to 180 µL (final volume after oxamate addition), two 
beakers of water were placed in the chamber to help humidify the environment and OD750 was read 
every 6 h to reduce the exposure time of the culture where the lids were removed for measurement, 
all other conditions remained unchanged. 
NaOx (0, 7.5, 15 and 30 mM) was added at 44 h to the respective plates. Subsequently nitrogen 
control plates were centrifuged (100 g, 20 minutes) and ~160 µL of the supernatant (optimal media) 
removed. Cells were washed with 160 µL 50 mM of Tris-HCl (pH 7), then re-suspended with 
nitrogen depleted (–N) optimal media formulated for each strain (final volume ~180 µL). This 
process was repeated at 92 h for the second set of NaOx and –N control plates. 
NR analysis was performed with the inoculating cultures at 0 h. Subsequently cultures were 
measured daily, sampling inwards row by row on each multiwell plate (12 x 50 µL) to minimise 
any edge effects of evaporation (Figure 14). Whilst the multiwell plates are cultivated with lids on 
(lids removed for measurement), the cultures along the edge are more exposed to the circulating air 
than the center wells. 
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Figure 14: Template for time course NR analysis. Cultures were sampled inwards daily starting with row A then H, B, 
G, etc. to minimise exposure of the longitudinal cultures to evaporation. 
 
High levels of aggregative artifacts were observed in the raw OD750 data after NaOx addition and –
N depletion. In some cases aggregation was brief whilst other cultures did not recover. As the 
artifacts occur mid-way through growth truncating the raw data was not ideal. Using additional 
parameters within GraphPad Prism a sigmoid curve-fit could be applied. The software was able to 
eliminate outliers automatically as well as interpolate missing values from a standard curve at 90% 
confidence interval across the triplicates. For the purposes of this trial lower R2 values were 
considered sufficient as the curves were mostly used as an indicator to get an idea of where in the 
growth phase cultures were beginning to produce lipids (Figure 15). The curve-fits were then 
plotted on a dual Y-axis graph displaying raw NR fluorescence data. 
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Figure 15: Two examples of mean sigmoid curve-fits for triplicate raw data. Using automatic outlier elimination and 
interpolation, an approximate growth curve was able to be obtained. (a) 15 mM NaOx treated C. protothecoides at 92 h 
raw data. R2 = 0.977. (b) Whilst not perfect, the curve-fit even with an R2 = 0.620 was sufficient as a non-quantitative 
indicator of growth phase. Nitrogen depleted C. protothecoides raw data at 44 h. Note that the missing time points were 
due to a crash in the robotic software causing the reader not to record data. 
 
2.3 Results 
2.3.1 Nutrient optimisation for photoautotrophic growth 
2.3.1.1 Screen 1 – Nitrogen and phosphate optimisation 
The best conditions for photoautotrophic growth were first established to suitably assess microalgal 
strains. To ensure that effects on growth and lipid production were due to the inhibitors and not 
simply sub-optimal nutrition or poor nutrient uptake. This was determined by identifying optimal 
concentrations of the preferred nitrogen type as well as concentration of monopotassium phosphate 
in which good growth rates and biomass production occurred. In addition, this experiment tested the 
methodology for the sensitivity of this screening system across different species. 
Growth rate and total biomass were calculated for each of the 120 cultures (60 conditions x 
duplicates) and compared to find the best pair of µmax and OD750-max for a specific nitrogen and 
phosphate combination. NH4Cl [30 mM] and KH2PO4 [2 mM] were determined to be optimum for 
C. protothecoides, recording a maximum specific growth rate of OD750 0.033 h
-1 and a total biomass 
of OD750 0.835 (Figure 16). Multiwell plates were also visually assessed (Figure 17) to observe 
trends or to verify datasets by excluding OD750 artefacts due to cell clumping. Optimal nitrogen and 
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phosphate conditions for strains 23, GR ISO1, S. acuminatus UQ ISO 7, BL ISO17, K. obesa 4A_2, 
M. convolutum 9 (FW), 20_1, R. complanata SF ISO5, SF ISO8, 29_1b, C. protothecoides and C. 
reinhardtii 137c are summarised in Table 2 below. 
 
Figure 16: Example Screen 1 results. (a) The maximum specific growth rate (µmax = 0.033 h-1) and total biomass (OD750-
max = 0.835) were calculated from the sigmoid curve-fits based on the raw data. NH4Cl [30 mM] and KH2PO4 [2 mM] 
were determined to be the optimal Screen 1 concentrations for C. protothecoides photoautotrophic media. When grown 
in mixotrphic TAP media, C. protothecoides recorded a µmax = 0.045 h-1 and OD750-max = 0.891. 
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Figure 17: Visual analysis of Screen 1 multiwell plates of C. protothecoides (and M. convolutum 9 (FW)) duplicates. 
Densities of the multiwells help verify the calculated data in determining the optimal combination of nitrogen and 
phosphate. C. protothecoides cultures grown NH4Cl [30 mM] and KH2PO4 [2 and 10 mM] were dark green and visually 
denser, followed by cultures grown in NH4NO3. Images taken at 72 h. 
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Table 2: Summarised optimal nitrogen and phosphate interpreted through Screen 1. Concentrations and nitrogen type 
were determined visually and by calculated data.  
Strain ID Nitrogen Phosphate µmax OD750-max Determined by: 
C. protothecoides NH4Cl [30 mM] KH2PO4 [2 mM] 0.033 0.835 Data and visual 
C. reinhardtii 137c NH4NO3 [7.5 mM] KH2PO4 [2 mM] 0.060 0.399 Data 
C. sorokiniana GWW NH4Cl [12.6 mM] KH2PO4 [2 mM] 0.086 0.996 Data and visual 
23 NH4Cl [30 mM] KH2PO4 [10 mM] 0.087 0.242 Visual 
GR ISO1 NH4Cl [30 mM] KH2PO4 [2 mM] N/A 0.092 Visual 
29_1b* NH4NO3 [7.5 mM] KH2PO4 [10 mM] 0.040 0.818 Data 
S. acuminatus UQ ISO 7 NH4NO3 [11.3 mM] KH2PO4 [2 mM] 0.020 0.638 Visual and data 
BL ISO17 (NH2)2CO [11.3 mM] KH2PO4 [2 mM] 0.076 1.100 Visual and data  
M. convolutum 9 (FW) NH4Cl [30 mM] KH2PO4 [2 mM] 0.056 0.731 Data 
K. obesa 4A_2 (NH2)2CO [7.5 mM] KH2PO4 [2 mM] 0.038 0.762 Visual and data 
SF_ISO8* (NH2)2CO [7.5 mM] KH2PO4 [2 mM] 0.043 0.397 Data 
20_1 NH4Cl [30 mM] KH2PO4 [10 mM] 0.079 1.006 Visual and data 
R. complanata SF ISO5 NH4Cl [12.6 mM] KH2PO4 [2 mM] 0.076 0.580 Data 
* Evidence of cell aggregation in strains 29_1b and SF_ISO 8. 
 
Characteristic with nitrogen fixation in plant biology, ammonium chloride was generally the 
preferred nitrogen source with several strains showing improved growth characteristics. Urea was 
also found to be a good source of nitrogen with some strains growing just as well due to the 
availability of the two amine groups. This was followed by ammonium nitrate and lastly sodium 
nitrate. Whilst strains were able to grow on nitrate, the overall culture growth was not as good 
possibly due to the additional reduction required to convert nitrate into usable ammonium ions. 
The level of phosphate in the media was found to have a secondary influence on culture growth. 
Some strains showed a level of growth even when supplied with 0 mM KH2PO4 which indicated 
that an internal source of phosphorus which was utilised first. This was particularly evident visually 
when a high level of growth due to nitrogen supply caused the culture to utilise the supplied 
phosphate within the media (See Figure 17). The exception was strain 20_1 which distinctly 
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showed low levels of growth in cultures with 0 mM KH2PO4 irrespective of nitrogen type and 
concentration. 
The results from screen 1 suggest that the adaptability of microalgae strains to survive in the wild 
comes at the cost of growth potential. A low level of culture growth shows that whilst strains can 
assimilate and metabolise different types of nitrogen compounds, each strain appears to have a 
preference for a particular type. By identifying what these preferences are, one can enhance biomass 
production by formulating an optimum media for each strain. As nitrogen seems to be inextricably 
linked with lipid production by way of nitrogen-depletion experiments, it is important to get these 
nutrient conditions right. 
 
2.3.1.2 Screen 2 – Secondary nutrient optimisation 
C. protothecoides, C. reinhardtii 137c, C. sorokiniana GWW, strain 23, strain GR ISO1, S. 
acuminatus UQ ISO 7, strain BL ISO17, M. convolutum 9 (FW), K. obesa 4A_2 and strain 20_1 and 
their individual nitrogen and phosphate media combinations were next screened to test the effects of 
secondary macro- and micronutrients on growth rate and biomass (Figure 18). In doing so, the 
media could be broken down into the individual nutrient components and adjusted to a set 
concentration level to achieve the desired ‘effect’ (i.e. improved mean value) on the response 
variables (µmax and OD750-max). By considering both main effect plots for each strain, a revised 
photoautotrophic media was formulated to improve biomass productivity. 
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Figure 18: Screen 2 secondary macro- and micronutrient assays. Visual analysis of C. protothecoides (left) and C. 
reinhardtii 137c (right) cultures growing on 180 different media combinations. Images were taken at 72 h. 
 
Whilst each strain clearly had distinct nutritional requirements, differences in the mean values at 
half concentration (-1) and double concentration (+1) from the basal concentrations (0) showed that 
generally calcium and magnesium had a significant effect on culture growth in most strains. In 
addition, comparison between the two sets of main effect plots of a single strain also showed that 
even the nutritional demands can vary as a culture progresses from exponential (µmax) to stationary 
growth phase (OD750-max) (Figure 19). The concentrations from each plot are summarised in Table 3 
below. 
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Figure 19: C. protothecoides main effects plots for nutrients which have a bearing on µmax (left) and OD750-max (right). 
Differences show the varying nutritional demands of a culture as it progresses from exponential (µmax) to stationary 
growth (OD750-max). 
 
Highlighted in grey (Table 3) are the key elements which changed concentrations were seen to be 
essential in improving culture growth. Calcium was found to be generally lacking in the basal media 
formulation. Whilst magnesium, copper and selenium were observed to be significant albeit only at 
particular stages of growth with changed concentrations across a majority of the strains showing 
either improved growth rate (Ca, Cu, Se) or total biomass (Ca, Mg). The commonality of these 
trends across most strains suggests that these elements may be inherently linked to basic cell 
functions occurring during these growth phases. 
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Table 3: Concentrations levels of Screen 2 main effects plot data for µmax and OD750-max.  
Screen 2 µmax Ca Mg B Cu Fe Mn V Se Si Zn 
C. protothecoides 1 0 1 -1 1 1 1 1 0 0 
C. reinhardtii 137c 1 1 0 -1 -1 1 -1 0 -1 0 
C. sorokiniana GWW 1 0 -1 -1 0 0 -1 0 0 1 
Strain 23 -1 -1 0 0 0 1 -1 1 -1 -1 
Strain GR IS01 -1 -1 0 0 1 -1 1 -1 0 -1 
S. acuminatus UQ ISO 7 1 0 1 1 -1 0 -1 1 0 -1 
Strain BL IS017 1 0 -1 -1 0 0 0 0 -1 1 
M. convolutum 9 (FW) -1 0 1 -1 1 0 0 1 -1 0 
K. obesa 4A_2 1 0 0 0 0 0 -1 1 0 0 
Strain 20_1 1 0 -1 -1 -1 0 0 1 -1 0 
 
Screen 2 OD750-max Ca Mg B Cu Fe Mn V Se Si Zn 
C. protothecoides 1 1 -1 -1 0 0 1 1 1 0 
C. reinhardtii 137c 1 1 0 0 0 0 1 0 1 0 
C. sorokiniana GWW 1 1 -1 -1 0 0 -1 0 -1 1 
Strain 23 -1 -1 1 0 0 1 -1 -1 1 -1 
Strain GR IS01 -1 0 1 0 -1 1 1 1 -1 -1 
S. acuminatus UQ ISO 7 1 1 -1 0 0 0 0 -1 -1 1 
Strain BL IS017 1 1 -1 -1 1 0 0 0 0 1 
M. convolutum 9 (FW) 1 0 0 0 0 0 0 -1 -1 0 
K. obesa 4A_2 1 1 0 1 1 0 1 1 -1 0 
Strain 20_1 1 1 0 -1 0 0 0 0 0 0 
 
These results meant that the preferred concentration levels between the two plots didn’t always 
match up. In these instances a compromise concentration was selected, or if unavailable one based 
on OD750-max. For example, the silicon plots in Figure 19 (bottom) showed that the basal 
concentration (0) was already optimum for µmax compared to the doubled concentration (+1) for 
OD750-max. As a middle ground, the half concentration (-1) was selected based on a slight reduction 
in the maximum specific growth rate but still improving the mean total biomass. 
Once determined, the final concentrations for all the strains were calculated and are as presented in 
Table 4. By using the revised nutrient concentrations from Screen 1 and Screen 2, the growth 
performance of photoautotrophically grown cultures were comparable to the control cultures 
cultivated photoheterotrophically using TAP media (Figure 20). Most importantly is that the strains 
may now be grown under nutrient replete conditions for subsequent lipid induction assays. 
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Figure 20: Example cultures grown on the optimised Screen 2 (Sc 2) media formulations as per Table 4. 
Photoautotrophic culture growth was able to be improved upon the Screen 1 (Sc1) formulations and compared against 
TAP photoheterotrophic controls. (a) C. protothecoides Sc 2 cultures were able to surpass TAP controls. (b) C. 
reinhardtii 137c Sc 2 cultures were able to match TAP controls. (c) M. Convolutum 9(FW) Sc 2 cultures were not able 
to match the growth rate of TAP controls, however total biomass was comparable. (d) K. obesa 4A_2 Sc2 cultures 
showed comparable growth rate but lower total biomass when compared with TAP controls. 
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Table 4: Final Screen 2 concentrations of optimum macro- and micronutrients as determined from main effects plots. Nutrients maintained as constants 
are shaded in grey. Concentrations are in displayed mM. 
Strain ID 
C
a
C
l 2
.2
H
2
O
 
M
g
S
O
4
.7
H
2
O
 
H
3
B
O
3
 
C
u
S
O
4
.5
H
2
O
 
F
eS
O
4
.7
H
2
O
 
M
n
C
l 2
.4
H
2
O
 
V
O
S
O
4
 
N
a
2
O
3
S
e 
N
a
2
O
3
S
i 
Z
n
S
O
4
.7
H
2
O
 
N
a
2
M
o
O
4
.2
H
2
O
 
C
o
C
l 2
.6
H
2
O
 
N
a
2
E
D
T
A
.2
H
2
O
 
T
ri
s-
b
u
ff
er
 
T
h
ia
m
in
e 
H
C
l 
C
y
a
n
o
co
b
a
la
m
in
 
C. protothecoides 0.85 1.5 0.092 0.0032 0.001 0.0258 0.000018 0.0002 0.273 0.077 0.00089 0.0067 0.5373 100 0.052 0.0001 
C. reinhardtii 137c 0.85 1.5 0.184 0.0064 0.001 0.0258 0.000018 0.0001 0.546 0.077 0.00089 0.0067 0.5373 100 0.052 0.0001 
C. sorokiniana GWW 0.85 1.5 0.092 0.0032 0.001 0.0258 0.000005 0.0001 0.1365 0.154 0.00089 0.0067 0.5373 100 0.052 0.0001 
Strain 23 0.2125 0.375 0.368 0.0064 0.001 0.0516 0.0000045 0.00005 0.546 0.0385 0.00089 0.0067 0.5373 100 0.052 0.0001 
Strain GR IS01 0.2125 0.75 0.368 0.0064 0.0005 0.0516 0.000018 0.0002 0.1365 0.0385 0.00089 0.0067 0.5373 100 0.052 0.0001 
S. acuminatus UQ ISO 7 0.85 1.5 0.092 0.0064 0.001 0.0258 0.000009 0.00005 0.1365 0.154 0.00089 0.0067 0.5373 100 0.052 0.0001 
Strain BL IS017 0.85 1.5 0.092 0.0032 0.002 0.0258 0.000009 0.0001 0.273 0.154 0.00089 0.0067 0.5373 100 0.052 0.0001 
M. convolutum 9 (FW) 0.85 0.75 0.184 0.0064 0.001 0.0258 0.000009 0.00005 0.1365 0.077 0.00089 0.0067 0.5373 100 0.052 0.0001 
K. obesa 4A_2 0.85 1.5 0.184 0.0128 0.002 0.0258 0.000018 0.0002 0.1365 0.077 0.00089 0.0067 0.5373 100 0.052 0.0001 
Strain 20_1 0.85 1.5 0.184 0.0032 0.001 0.0258 0.000009 0.0001 0.273 0.077 0.00089 0.0067 0.5373 100 0.052 0.0001 
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2.3.2 Fluorescent determination of intracellular lipids 
Cultures were dyed with both LysoSensor Green DND-189 (LSG) and Nile Red (NR) to compare 
the detection efficiency in low sample volumes as well as test the methodology used by the 
inventors to detect intracellular lipids. The patent claims that LSG “fluoresces as a function of 
organellar acidity, a reflection of fatty acids” (Newell et al., 2011). LSG is an acidotropic probe that 
begins to fluoresce when the quenching by its weak basic side chain is reduced by protonation. It 
accumulates in intracellular compartments such as acidic vacuoles (Life Technologies, 2013). The 
aim of this experiment was to test whether LysoSensor Green fluorescence correlates spatially and 
temporally with lipid accumulation in microalgae. Fatty acids are carboxylic acids with an aliphatic 
tail of varying carbon chain length and typically derived from both triacylglycerols and 
phospholipids. Nile Red is the current industry standard, it is a lipophilic dye which fluoresces 
intensely when solublised within a hydrophobic environment (i.e. triacylglycerols or cholesterol 
esters) (Greenspan et al., 1985). 
The natural accumulation of intracellular lipids does not begin for many days after growth cessation 
(stationary phase) and is usually determined by a limiting factor such as nutrient depletion (Figure 
22) (Wang et al., 2009, Guschina and Harwood, 2006, Sharma et al., 2012). Whilst the timing can 
vary from strain to strain, the deficient nutrient or type of stress also has a bearing on whether or not 
lipids can still be produced. In order to quicken the process and increase accumulation both C. 
protothecoides and C. reinhardtii 137c cultures were cultivated under continuous light in 
photoheterotrophic (TAP) media in order to achieve a short lag phase. Cultures were N-depleted 
towards the end of exponential phase (42 h) resulting in an immediate increase in NR fluorescence 
(and thus lipids) in both strains; peak NR was observed 3 – 5 days after. A similar trend was not 
observed with LSG, which suggests that it is not a suitable indicator for lipid detection (Figure 21). 
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Figure 21: (a) C. protothecoides and (b) C. reinhardtii 137c time course mean growth with nitrogen depletion (-N) 
performed at 42 h. Nile Red (NR) and LysoSensor Green (LSG) fluorescence mean (±SEM) measurements were 
overlayed on a secondary axis. The increase in NR of –N cultures indicates that lipid accumulation is detectable with 
this method, whilst no distinct differences in LSG fluorescence were observed. Error bars are standard error of the mean 
(SEM; n = 3). 
 
Each culture for each time point was analysed via fluorescence microscopy to verify the 
fluorescence measurements (Figure 22). LSG was found to inconsistently dye individual vesicles 
green; in addition a significant level of light green background fluorescence was detected within the 
cytoplasm. This was especially evident in cells with reduced levels of chlorophyll. No significant 
changes in LSG fluorescence was observed intracellularly in both C. protothecoides and C. 
reinhardtii 137c cultures post N-depletion. In contrast, lipid globules fluoresced intensely yellow 
when selectively dyed with NR and its efficiency to detect lipids did not appear to discriminate 
between cell states (i.e. reduced chlorophyll). Using NR, a notable increase in the number of 
intracellular lipid droplets was detected post N-depletion in both C. protothecoides and C. 
reinhardtii 137c cultures. Over the time course these droplets began to either overlap or merge 
within the cells to form large lipid globules. 
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Figure 22: Time course fluorescent microscopic images of N-replete and N-depleted C. reinhardtii 137c cultures dyed with Nile Red (left) and LysoSensor Green (right). After N-
depletion, intracellular lipid globules combine/overlap and fluoresce intensely yellow when dyed with NR.
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Additionally, a known lipid producer Scenedesmus dimorphus was analysed microscopically and 
compared with C. reinhardtii and C. protothecoides to validate the lipid detection efficiency of LSG 
in a separate genus (Figure 23). LSG appears to easily dye the cytoplasm of non-chlorophyll 
containing cells that are stressed/dying cells. This indicates the cells’ walls may be compromised 
and thus more permeable to the dye. However chlorophyll-containing cells were sometimes 
observed to be undyed despite using DMSO to enhance cell membrane permeability. These results 
suggest that the LSG methodology used by the inventors to detect lipids in microalgae is unsuitable 
for this purpose. LSG’s inconsistency to enter healthy cells and its sensitivity to technical variations 
suggests that NR which is widely recognised as the industry standard is more appropriate for 
analysis. This experiment additionally confirms the sensitivity of NR and its ability to quantitatively 
detect lipids in low culture volumes. 
The fact that the patent was based on LSG results raised concerns about the actual results of the 
invention. However, the theory of LDH inhibition by oxamate derivatives in cancer cells and the 
biodiversity of microalgae and their adaptable metabolic system may still yield results. 
 
Figure 23: Brightfield and fluorescence microscopy images of S. dimorphus (left) and C. protothecoides (right). Red is 
background auto fluorescence from chlorophyll. The cultures are dyed with NR (top) and LSG (bottom). Frames (a) and 
(c) both show the intracellular lipid globules fluoresce intensely yellow. Both (b) and (d) both show some vesicles 
fluorescing green, but is largely masked by the green background fluoresce of the cytoplasm. It is interesting to note 
that LSG did not dye the healthy S. dimorphus cells in frame (b) but was able to do so in C. protothecoides cells in 
frame (d). 
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2.3.3 Dose-response of sodium oxamate 
Cultivated in optimal media under aerobic conditions, each strain (C. protothecoides, C. reinhardtii 
137c, C. sorokiniana GWW, strain 23, strain GR ISO 1, S. acuminatus UQ ISO 7, strain BL ISO 17, 
M. convolutum 9 (FW), strain 20_1, and K. obesa 4A_2) was treated with increasing semi-
logarithmic concentrations of NaOx to test whether lipid accumulation was induced in the cells. 
Whilst inhibition of LDH is predicted not to affect cellular respiration (Figure 5), the glycolytic 
pathway is important for the generation of energy in all cells; including microalgae. The diversion 
of carbon towards the glycerol-3-phosphate shuttle with NaOx inhibition may potentially be 
cytostatic. 
To evaluate the effects of NaOx, strains were assessed for changes at the culture level in terms of 
growth rate, biomass yield, as well as a visual inspection of the multiwell plates (Appendix 4.3, 
Figure 67). The raw OD750 data was checked for artifacts due to post inoculation aggregation and 
the resulting µmax and OD750-max values calculated from the curve-fits (Figure 24) of each strain 
were summarised as triplicate scatter plots (Figure 25). Using flow cytometry, cultures were further 
analysed at the cellular level for changes in cell size to help substantiate the growth data as OD750 
measurements are a function of both morphology and cell number. In addition, NR fluorescence of 
the cells was also analysed to observe for changes in intensity due to NaOx. In the following 
sections these factors were considered and those strains that were not overly cytostatically affected 
(with respect to biomass growth rate and yield) and showed increased cellular NR fluorescence (and 
thus lipid content) with NaOx treatment were scored on a scale of 0 to 3. 
 
Figure 24: C. protothecoides control growth curve and growth rate data points calculated from curve-fits. Maximum 
values are highlighted in red and used as comparative indicators for NaOx treatment. In this study, OD750 was used as a 
proxy for biomass for comparative purposes across different media as it allows for high throughput measurements 
within a single strain. 
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The growth and flow cytometry data (to be presented in the following sections) highlighted that not 
all strains responded equally and varied in their physiological and metabolic response to treatment 
with NaOx despite sharing metabolic pathways. This suggests that NaOx is at least entering cells 
(actively or passively) or potentially even imparting an osmotic effect. Table 5 below summarises 
the awarded scores for each strain based on their ability to produce lipids in response to NaOx. 
Even though all strains produced lipids, only S. acuminatus UQ ISO 7, M. convolutum 9 (FW), 
strain 20_1 and K. obesa 4A_2 showed an increase in cellular lipid content at the higher 
concentrations of NaOx tested. Interestingly, C. protothecoides showed increased lipid content 
between 1.5 – 3 mM NaOx and actually decreased in lipid content at higher concentrations. This 
trend indicates that lipid accumulation due to metabolic manipulation with NaOx may be 
concentration dependent and varies between strains. This trend also emphasises that lipid 
accumulation may only occur under certain growth/stressor conditions and that a lack of production 
with NaOx treatment does not indicate a lack of ability (e.g. C. reinhardtii 137c).  
Table 5: Awarded scores for each strain based on lipid response to NaOx treatment. 
Strain Score 
C. protothecoides ++ 
S. acuminatus UQ ISO 7 +++ 
Strain 20_1 +++ 
K. obesa 4A_2 ++ 
M. convolutum 9 (FW) ++ 
Strain BL ISO 17 + 
C. sorokiniana GWW + 
C. reinhardtii 137c + 
Strain 23 N/A 
Strain GR ISO 1 N/A 
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2.3.3.1 Chlorella protothecoides 
A concentration range covering a 300,000 fold increase in NaOx was found to not affect culture 
growth of C. protothecoides cultures. The µmax, its time of occurrence and OD750-max were 
consistent with the untreated controls (Figure 25 and Appendix 4.3.1, Figure 68) suggesting that 
treatment was non cytostatic. 
 
Figure 25: Comparison of total biomass yield (left) and maximum specific growth rate (right) of C. protothecoides 
cultures with increasing concentrations of sodium oxamate. 
 
The flow cytometry data was examined for changes in cellular Nile Red (NR) fluorescence (as a 
proxy for lipid content). NR fluorescence is yellow and so, following excitation with a blue (B) 
laser (488nm) a 585nm/42nm bandwidth emission filter was used to assess it. Fluorescence area (A) 
was measured. The resultant parameter is referred to as the B_585/42-A channel. Forward light 
scatter measures the amount of diffracted light off axis of the incident beam and is proportional to 
the cell-surface area. Light scatter area (A) was measured and the resultant parameter is referred to 
as FSC-A. The flow cytometry histograms are interpreted using the mode, which best describes the 
dominant cell within the culture; as it is inappropriate to use the mean in the presence of a non-
gaussian and multimodal distributions. The mode statistically describes the dominant peak (i.e. the 
most commonly recurring relative unit), which best represents the central line in a distribution of 
cells. The use of the mode(s) is strictly qualitative and shifts in the distributions were relative only 
within the analysed strain and between the corresponding populations with respect to NaOx 
treatment. By using the mode, populations may be tracked which reflect an indicative change of the 
cells’ relative light scatter (size) and NR fluorescence (lipid content). The averages of the modes for 
each contributing population were then graphed to assess the trend across the NaOx concentration 
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series (Figure 26). Note that at times the counts on the histograms (Y-axis) indicate a significantly 
reduced number of events as the concentration of NaOx increased. While increased inhibition of 
cell growth is expected, this can be addressed by administering NaOx into the culture at late 
exponential phase (when cell replication begins to lessen). For now only the qualitative changes of 
the cells with treatment are considered. 
 
Figure 26: Analysed cells increased in intracellular lipid content as a result of NaOx treatment. An increased shift in the 
NR fluorescing cells (B_585/42-A channel) (left) indicates that the dominant population has increased in NR 
fluorescence per cell. This shift is summarised (right) in order to highlight the trend across the concentration series. 
 
Two NR peaks were observed in the untreated control cultures, which suggest that the culture is 
naturally composed of two distinct populations of cells of low and high lipid content (Figure 27, left 
columns). When treated with NaOx an increased shift of both distributions was observed; this trend 
was summarised in Figure 28 (left) where increased cellular NR fluorescence was recorded in 
cultures treated with 15 – 3,000 µM NaOx. This indicates that NaOx treatment was able to 
uniformly induce lipid accumulation in all cells. However at the higher concentrations only a single 
NR population at ~100 RFU was observed which suggests an upper limit of its efficacy. 
The FSC-A histograms (Figure 27, right columns) show a unimodal peak, which indicates that the 
culture was composed of a single distribution of similarly sized cells. As summarised in Figure 28 
(right), the cell size remained relatively unchanged in cultures with treatment up to 30 mM NaOx. 
An emergent population of what appears to be “larger cells” at ~30,000 RLS was observed in some 
cultures and were later resolved to be doublet cells (via side scatter pulse width analysis) and 
constituted about ~15% of the population (See 2.3.4 Side scatter pulse width analysis). Whilst FSC-
A can be used to estimate cell size, the correlation is not linear making it unsuitable to discriminate 
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doublets. These results indicate that general cell size of the culture was unaffected as a result of 
NaOx treatment. 
The contour plots (Figure 27, middle columns) examine the NR fluorescence (lipid content) for 
each cell event as a function of its light scatter (cell size). This gives an insight into how the two 
parameters correlate within the distributions, particularly in cultures composed of cells in different 
states of size and lipid content (i.e. bimodal distribution). This helps elucidate whether smaller cells 
had less lipids, the larger cells more lipids, etc. A change in the correlation of C. protothecoides 
contour plots from vertical to skew with increased NaOx suggests a slight increase in cell size as a 
result of increased lipids and was especially evident in cultures treated with 1.5 and 3 mM NaOx. 
The data showed that treatment with NaOx did not cytostatically affect C. protothecoides across the 
wide concentrations tested and that its addition into culture was able to increase cellular lipid 
content. Based on these results, C. protothecoides was a notable candidate for further analysis and 
was scored (2) ++. 
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Figure 27: Triplicate flow cytometry data series (A, B and C) of NR fluorescing C. protothecoides cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right). 
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Figure 28: Trending changes of the lipid (NR fluorescence, left) and size populations (forward light scatter, right) in C. 
protothecoides cultures when treated with sodium oxamate. The modes represent the population peaks within the 
culture distributions. Error bars are standard error of the mean (SEM; n = 3). 
 
2.3.3.2 Other high lipid producing strains 
Whilst the growth data showed that the biomass yield of both S. acuminatus UQ ISO 7 and strain 
20_1 did not appear to be cytostatically affected by NaOx, K. obesa 4A_2 and M. convultum 9 (FW) 
indicated a clear reduction in the total biomass of cultures treated with >1.5 mM NaOx (Figure 29, 
top row). There was a notable decrease in the maximum specific growth rate of all four strains 
which suggests that cell replication during exponential phase was increasingly negatively affected 
as concentrations of NaOx increased (Figure 29, bottom row); this is more in line with cytostaticity 
and reaffirms that the effect is concentration dependent. 
Furthermore, the flow cytometry data revealed that S. acuminatus UQ ISO 7 (Figure 30), strain 
20_1 (Figure 31), K. obesa 4A_2 (Figure 32), and M. convolutum 9 (FW) (Figure 33) cells increased 
in NR fluorescence (and thus lipid content); and in the case of the latter two an increase in FSC-A 
(and thus cell size) at the higher NaOx concentrations tested. This was summarised in Figure 34 
(top row) where the increase in cellular lipid content over the untreated control cultures was 
especially evident in cultures treated with ≥1.5 mM NaOx. The presence of two size populations of 
smaller and larger cells was evident within the FSC-A distributions of strain 20_1 and M. 
convolutum 9 (FW) (Figure 32 and Figure 33, right columns); of which the “larger cells” were later 
resolved through side scatter pulse width (SSC-W) analysis to be doublet cells (See 2.3.4 Side 
scatter pulse width analysis). The increase in cell size of K. obesa 4A_2 and M. convolutum 9 (FW) 
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cells was particularly evident across the concentration range tested and possibly occurred as a result 
of the cytostatic sensitivity of these two strains to NaOx (Figure 34, bottom row). 
The varied responses with respect to culture growth, lipid content and morphology between each 
strain indicated that the affects of NaOx are not necessarily cytostatic and likely to be species 
dependent. In these presented strains, NaOx was able to increase cellular lipid content and from the 
data it was apparent that a minimum effective concentration of ≥1.5 mM NaOx was required to 
induce lipid production. 
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Figure 29: Biomass yield (OD750-max) (top row) and maximum specific growth rate (µmax) (bottom row) scatter plots with increasing concentrations of sodium oxamate. Cultures: S. acuminatus UQ ISO 7 (left), strain 20_1 (middle left), K. obesa 4A_2 (middle right), and 
M. convolutum 9 (FW) (right). 
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Figure 30: Triplicate flow cytometry data series (F, G and H) of NR fluorescing S. acuminatus UQ ISO 7 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A 
histograms (right).  
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Figure 31: Triplicate flow cytometry data series (A, B and C) of NR fluorescing strain 20_1 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms (right). 
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Figure 32: Triplicate flow cytometry data series (F, G and H) of NR fluorescing K. obesa 4A_2 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms (right). 
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Figure 33: Triplicate flow cytometry data series (F, G and H) of NR fluorescing M. convolutum 9 (FW) cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right)  
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Figure 34: Trends of Nile Red fluorescence (RFU) (top row) and forward light scatter (RLS) (bottom row) with increasing concentrations of sodium oxamate. Cultures: S. acuminatus UQ ISO 7 (left), strain 20_1 (middle left), K. obesa 4A_2 (middle right), and M. 
convolutum 9 (FW) (right). Error bars are standard error of the mean (SEM; n = 3). 
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2.3.3.3 Low and non-lipid increasing strains 
The data for the strains presented in this section showed that whether or not NaOx treatment was 
able to elicit a cytostatic (Figure 35) and/or morphological response (Figure 41 bottom row), most 
strains recorded a decrease in cellular lipid content over the range of concentrations tested (Figure 
41 top row). Despite this, the trends in the NR fluorescence data suggests that strains such as C. 
reinhardtii 137c and BL ISO 17 may potentially increase cellular lipid content at higher dosages 
>30 mM NaOx (Figure 41 top row). It was also observed that some of the C. sorokiniana GWW 
cultures contained an additional population of high NR fluorescent cells (Figure 37, left column), 
which represented a significant increase in lipid content over the control cultures (Figure 41, top 
row middle). Although a genuine effect, these populations were not consistently observed in the 
other replicates and warrants further analysis. The single cells of BL ISO 17 (Figure 36), C. 
reinhardtii 137c (Figure 38), and the doublet cells noted in C. sorokinana GWW (Figure 37), strain 
23 (Figure 39), strain GR ISO 1 (Figure 40) all recorded slight increases in cell size across the 
NaOx concentrations tested (Figure 41, bottom row). 
The data reaffirms that the effects of NaOx on microalgal strains may not necessarily be cytostatic, 
and that lipid content can in fact decrease as a result of treatment. Although some strains showed 
that lipid production may potentially be increased at >30 mM NaOx, this was outside of the range 
of concentrations tested. As previously outlined, the ability for NaOx to induce lipid production is 
likely to be species dependent as well as concentration dependent. 
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Figure 35: Biomass yield (OD750-max) (top row) and maximum specific growth rate (µmax) (bottom row) scatter plots with increasing concentrations of sodium oxamate. Cultures: strain BL ISO 17 (left), C. sorokiniana GWW (middle left), C. reinhardtii 137c (middle), 
strain 23 (middle right), and strain GR ISO 1 (right). 
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Figure 36: Triplicate flow cytometry data series (A, B and C) of NR fluorescing strain BL ISO 17 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right).  
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Figure 37: Triplicate flow cytometry data series (A, B and C) of NR fluorescing C. sorokiniana GWW cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right). The A series (left) recorded some high NR cells in some cultures which weren’t observed in the B and C replicates.  
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Figure 38: Triplicate flow cytometry data series (F, G and H) of NR fluorescing C. reinhardtii 137c cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right).  
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Figure 39: Triplicate flow cytometry data series (F, G and H) of NR fluorescing strain 23 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms (right).  
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Figure 40: Triplicate flow cytometry data series (A, B and C) of NR fluorescing strain GR ISO 1 cells treated with increasing concentrations of sodium oxamate. B_585/42-A histograms (left), B_585/42-A vs. FSC-A contour plots (middle) and FSC-A histograms 
(right).  
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Figure 41: Trends of Nile Red fluorescence (RFU) (top row) and forward light scatter (RLS) (bottom row) with increasing concentrations of sodium oxamate. Cultures: strain BL ISO 17 (left), C. reinhardtii 137c (middle left), C. sorokiniana GWW (middle), strain 23 
(middle right), and strain GR ISO 1 (right). Error bars are standard error of the mean (SEM; n = 3). 
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2.3.4 Side scatter pulse width analysis 
The extracted lipid content of algal strains is often quantitated gravimetrically as a percentage of 
dry weight and serves as a comparable measure of a strain’s performance. Such measurements in 
high throughput low volume assays are impractical. Whilst OD750 provides a quick gauge of culture 
growth it is in essence an aggregate measure of cell size, density, opacity and granularity. It is also 
susceptible to the bacterial contamination, cell debris and inorganic solids. Depending on how each 
strain responds morphologically to NaOx, this may not correlate well as an accurate biomass 
measure. Osmotic concentration was not a measurable factor in such a high throughput assay. 
Instead, cell size (as measured by SSC-W) was analysed as a proxy for this side effect (i.e. 
increasing/decreasing cell size), in order to identify strains that may be more susceptible to NaOx 
inhibition. 
As each cell passes the laser in the flow cytometer, a transient voltage pulse is recorded by the 
photomultipliers. The area under the voltage curve (pulse area) is what is usually measured in flow 
cytometry, as this reflects the quantity of the fluorophore. However, since the flow rate is relatively 
constant, the duration of the pulse (pulse width) reflects the diameter of the cell, assuming the 
fluorophore is evenly distributed in the cell. Pulse width can therefore be used to estimate cell size 
and discriminate cell doublets (Hoffman, 2009). The use of light scattering (FSC or SSC) instead of 
fluorescence eliminates the need for an even cellular distribution of the fluorophore; generally SSC 
is used instead of FSC because in modern machines a photodiode (which does not deliver a linear 
signal) instead of a photomultiplier is used to measure FSC. However, FSC-A is typically used as 
an indicator of cell size, is proportional to the cell surface area and is susceptible to inaccuracies 
where the indices of refraction are dependent on the surface, sheath fluid and culture media. By 
analysing the 585/42-A (NR fluorescence) channel, populations were identified with increasing 
fluorescence intensity (a shift to the right in the histogram). Pulse width analysis then made it 
possible to look at the diameter of the cells in the high fluorescence subpopulations. Cells that were 
more fluorescent but had no change in diameter contain a higher proportion of lipid. Cells where the 
fluorescence and cell diameter increased simultaneously may be more fluorescent because they are 
bigger. However, effects of oxamate on cell lipid content and on cell size would both be effects of 
interest. 
SSC-W allowed for a more discriminate analysis of the cells’ size distribution within a population 
of the culture without using a logarithmic scale (as with FSC-A). This helps differentiated some of 
the populations of “larger cells” observed in the forward scatter data that were resolved to be 
doublet cells. The NR distributions were arbitrarily bisected into low fluorescence and high 
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fluorescence, where by which the SSC-W of the two resultant populations was compared across 
increasing concentrations of NaOx. Overlapping peaks indicated that the relative pulse duration 
(RPD) was the same, whereas an offset shift indicated a relative shorter/longer duration attributed to 
a smaller/larger cell passing through the optical beam. 
Offset SSC-W peaks in C. protothecoides (Appendix 4.4.1, Figure 77) and M. convolutum 9 (FW) 
(Appendix 4.4.3, Figure 79) cultures indicated that the high lipid cells were larger than those of low 
lipids, possibly as a result of accumulating lipids. In both strains it was noted that a small proportion 
of high lipid cells already exist in the controls and low NaOx treated cultures. It is therefore sensible 
to assume that the effects of NaOx (if any), is to accentuate this normal distribution and helps 
induce lipid production in the low-accumulating cells. 
Overlapping SSC-W peaks (right column) of strains S. acuminatus UQ ISO 7 (Appendix 4.4.2, 
Figure 78), 20_1 (Appendix 4.4.4, Figure 80), and K. obesa 4A_2 (Appendix 4.4.5, Figure 81) 
showed that an independent increase in lipid content with NaOx as cell size remained relatively 
unchanged with treatment. Additionally, both S. acuminatus UQ ISO 7 and K. obesa recorded low 
event counts at high concentrations of NaOx that suggests toxicity or growth inhibition. The K. 
obesa OD750-max data appeared to correlate well with event counts. However, this was in contrast to 
the OD750-max data for S. acuminatus UQ ISO 7 which showed a slight increase in the total biomass 
with treatment. Therefore, the effect of NaOx on toxicity and growth rate should be checked to 
make sure that they were not the result of gross cellular changes. As alluded to by the trailing cell 
events of the gated UQ ISO 7 cells (B_670LP-A vs. FSC-A, Figure 78 left column), it is possible 
that a decrease in cellular chlorophyll content with NaOx treatment caused the events to fall out of 
the gated window. If chlorophyll has in fact been down regulated then growth inhibition has 
occurred, possibly as a result of a switch to lipid synthesis rather than cellular replication. However, 
it is uncertain whether these cells contained lipids or not as they weren’t recorded by the flow 
cytometer. A consistent event count for strain 20_1 from 0 – 30 mM suggests that NaOx may not 
have had such a profound negative effect on growth in this particular strain. 
The pulse width data indicated that the morphology (cell size) varied between each strain. From a 
culture perspective and relative to the untreated controls, most of the lipid producing strains showed 
a reduction in cell size with NaOx treatment (Figure 42, top row). The exception being strain 20_1, 
which remained relatively unchanged, and K. obesa 4A_2 which showed a distinct increase in cell 
size as concentrations increased. Of the non-lipid producing strains, C. reinhardtii 137c showed a 
slight increase in cell size particularly at high concentrations of NaOx. Likewise the SSC-W of 
strain 23 cells was larger as a result of treatment. It may be possible that glycerol (rather than lipids) 
87 | P a g e  
 
are synthesised in these strains causing cells to grow. The remainder of the non-lipid producing 
strains (Figure 42, bottom row) didn’t appear to change significantly which indicates that the 
osmolyte glycerol may not be synthesised. Whilst it may be possible that NaOx simply does not 
inhibit metabolism in these cells, one cannot discount that carbon may alternatively be stored as 
carbohydrates via gluconeogenesis. 
With the exception of K. obesa 4A_2, this suggests that increased NR fluorescence in the lipid 
producing strains may be attributable to increased lipid content per cell rather than a proportional 
increase due to cell size (as suggested by some of the FSC-A data). Low event counts in some 
strains suggest that treatment with NaOx may hinder algal growth particularly at low cell densities 
and that late addition of oxamate may be preferred. 
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Figure 42: Relative pulse width durations (SSC-W) of (a) C. protothecoides, (b) M. convolutum 9 (FW), (c) S. acuminatus UQ ISO 7, (d) Strain 20_1, (e) K. obesa 4A_2, (f) C. 
reinhardtii 137c, (g) Strain GWW, (h) Strain 23, (i) Strain GR ISO 1 and (j) Strain BL ISO 17 in the SSC-W channel. A decrease/increase in the RPD compared against the untreated 
(0 µM control) cultures indicates smaller/larger cells as a result of NaOx treatment. 
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2.3.5 Time course NR fluorescence of delayed administration of sodium oxamate 
Growth and the relative NR fluorescence for the culture (not cellular) were observed over a time 
course with two NaOx addition points at early and late logarithmic phase (44 and 92 h) at 7.5, 15 
and 30 mM. This was designed to identify a more effective oxamate dosage regime aimed at 
improving overall productivity (both algal growth and lipid accumulation). Strains were also 
compared against an N-depleted induced lipid control to compare the level of lipid accumulation. 
C. protothecoides responded well to the timed addition of oxamate with cultures producing 
significantly more lipids and much sooner than with N-depletion. A peak NR of ~9,000 RFU was 
observed at ~140 h (7.5 mM NaOx added at 92 h) compared with ~4,600 RFU at ~166 h (the 
highest recorded for N-depleted cultures at 44 h) (Figure 43). NR increased much more rapidly in 
cultures dosed later at 92 h than those dosed at early exponential phase, likely due to more cells 
present. It also showed that C. protothecoides cells only began to accumulate lipids well after 
stationary phase (>100 h). Similarly UQ ISO 7 cultures also showed an earlier onset of lipid 
production when dosed with NaOx. The highest NR observed was ~6,800 RFU at ~190 h in 
cultures treated with 30 mM NaOx at 44 h (and similarly in cultures dosed at 92 h) (Figure 82), 
however extrapolation of the data suggests that peak NR occurred beyond the time course recorded 
>200 h. In comparison, the other tested strains M. convolutum 9 (FW), 20_1 and K. obesa 4A_2 
only showed marginal increases in NR intensity with NaOx treatment at either of the two dosage 
points (Figure 83 and Figure 84 and Figure 85).  
However, it was also noted during the extended cultivation (>72 h) that increased lipids were also 
recorded in the 0 mM controls of several strains that suggests that nutrients began to naturally 
deplete. As the initial nutrient screens were conducted for 72 h, they may need to be repeated once 
candidate strains have been identified. The natural depletion of nutrients (nitrogen or other) must 
also be considered as simultaneously occurring with NaOx treatment. Whether this has an impact 
on NaOx’s ability to inhibit metabolism is uncertain, as comparison to some strains (e.g. strain 
20_1) indicated no notable advantage in terms of lipids produced with treatment. The N-deplete 
controls also showed that M. convolutum 9 (FW), 20_1 and K. obesa 4A_2, particularly those 
induced at 44 h, produced more lipids than with NaOx. Comparison of these strains with C. 
protothecoides and S. acuminatus UQ ISO 7 indicates that lipid induction methods may be species 
dependent. The results also highlight that the timing of induction plays a significant role in the level 
of lipids produced. 
These results show the variability in the rate and amount of lipid produced as a result of the time of 
dosage, concentration and possibly a combination of nutrient depletion (whether natural or 
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influenced). Each strain must be individually optimised with a cultivation and dosage regime to 
achieve productivity. Most importantly, they show that NaOx is able to induce lipid production at 
least in some strains whilst maintaining reasonable culture growth and without exchanging the 
media. Whilst it is uncertain whether changing the dosage regimes have an effect on a strain’s 
ability to uptake NaOx to inhibit metabolism as cells begin to cease replication naturally (stationary 
phase); this will no doubt vary between strains and depend on the current metabolic state of the cell. 
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Figure 43: C. protothecoides treated with 0 mM NaOx (a, f), 7.5 mM NaOx (b, g), 15 mM (c, h), 30 mM (d, i) and N-depletion (e, j). Cultures across the top row were treated at 44 h 
and bottom row at 92 h. Cultures treated with NaOx in NR fluorescence much earlier than with N-depletion. Whilst dosing at 44 h lead to a gradual increase in NR, both timed 
additions appeared to achieve comparable maximum NR intensities shortly after cultures entered stationary phase (i.e. between 100 – 150 h). Error bars for NR are standard error of 
the mean (SEM; n = 3). 
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2.4 Discussion 
It was postulated that NaOx would have an anti-metabolic inhibitory effect on microalgae and thus 
divert carbon metabolism towards lipid storage. A high-throughput examination of 21 macro- and 
micronutrients on 13 algal strains was conducted in order to perform dose-response trials of NaOx. 
Selected lipid producing strains were then cultivated under different dosage regimes to determine an 
effective strategy for lipid production. The results of the experiments showed; the effectiveness of 
our lab’s nutrient screen assays to improve photoautotrophic growth in unknown strains, that NaOx 
was able to induce as well as increase lipid production in microalgae, and that despite sharing 
metabolic pathways not all strains responded equally to NaOx treatment. 
The nutrient screens conducted are more applicable to batch cultivation systems where replete 
levels of nutrients were required in order for cultures to achieve a full growth cycle. This is 
important as it allows us to track the production of lipids, which typically occurs well after 
stationary phase. Both nitrogen and phosphorus are often cited as limiting factors in plant growth 
and sources from agricultural runoff are commonly attributed to algal blooms (Fried et al., 2003). 
Nitrogen (which exists in a wide variety of chemical forms) and phosphorus (usually in the form of 
phosphates) are two of the most basic elements required for the synthesis of key molecules such as 
nucleic acids, amino acids, phospholipids, chlorophyll and ATP (Schachtman et al., 1998, Knox et 
al., 2001). Cell viability relies on adaptive strategies that allow microalgae to survive in suboptimal 
nutritional conditions which over successive generations can cause species biodiversity. Our data 
showed that by screening the nutritional preferences of a strain, it was possible to improve the 
photoautotrophic growth performance of the tested strains comparable to those cultivated in 
photoheterotrophic media. Our axenic cultures (in the absence of nitrogen fixing bacteria) were able 
to grow in all the tested N sources due to these adaptive mechanisms, ammonium salts were 
generally preferred which is in agreeance with the literature as the ammonium ions are able to be 
incorporated into amino acid synthesis without the need for reduction (Tischner, 2000, Tepe et al., 
2006, Rees and Bekheet, 1982, Huppe and Turpin, 1994, Turpin, 1991, Turpin et al., 1988, Naylor, 
1970). Urea was also tested as it is commercially produced at industrial scale as an agricultural 
source of nitrogen release fertilizer. A number of studies have shown that microalgae are able to 
utilise urea as a nitrogen source (Anita et al., 1977, Healey, 1977, Rees and Bekheet, 1982, Naylor, 
1970). Three of our tested strains were observed to grow well on urea. However, Ellner et al. (1955) 
discovered that both the carbon and nitrogen constituents of urea could be utilised by microalgae. 
Their research indicates that radiolabelled 14C from urea was traced to the evolution of CO2 which 
was subsequently incorporated as guanine (Ellner and Steers, 1955). As the current trials were 
conducted at 1% CO2, the additional CO2 generated by urea was not likely to be confounding, nor 
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do the results indicate otherwise that urea grown cultures performed significantly better than other 
N sources. Phosphorus, in the form of mineralised soluble phosphate ions are also readily 
assimilated in nature but is scarce as the main source typically comes from soil leachate (Knox et 
al., 2001, Golterman, 1973). Whilst improved culture growth appeared to be largely correlated to 
nutrient concentration levels, a comparable level of growth was observed in cultures supplied with 0 
mM phosphate (with the exception of strain 20_1) indicating that some strains have an internal 
phosphorus store (possibly poly-phosphate bodies) (Ruiz et al., 2001). In short term batch trials 
such as our nutrient screens the level of phosphorus may not be as significant as one would see in 
continuous culture systems. 
The nutrient screens were also able to identify that calcium, magnesium and selenium were lacking 
and that copper was in excess in the basal media for most strains. The basal media concentrations 
were calculated based on the average of 11 commonly used media found in microalgal cultivation 
literature. As some of these may have been optimised for specific strains, it is not unusual to find 
that some nutrients were either lacking or in excess. Excess copper may be inhibitory at high 
concentrations and has been documented to depress both cell division and photosynthesis in some 
strains. This suggests an active role in the function of the chloroplast, mitochondrion and cell 
membrane (Stauber, 1987). While such negative impacts on culture growth would be strain 
dependent in terms of susceptibility, the current results may be affected. With this in consideration 
for future trials, it would be prudent to revise the basal media specific for each of the individual 
strains tested. A second round of nutrient screens could then be conducted to further optimise the 
media and improve microalgal growth. The trends observed across a majority of our tested strains 
indicated that the basal media, based on literature averages, was lacking in calcium and magnesium 
(for maximum biomass growth). This suggests that the improved level of growth from N and P 
optimisation had exceeded the basal nutrients supplied. Such a system has practical applications for 
different cultivation strategies such as continuous culture systems where microalgae can be 
sustained in exponential growth, batch culture systems or in dose-response trials to test for 
physiological and growth effects of a stressor such as NaOx on an microorganism. Calcium and 
magnesium are both essential nutrients and play important roles in many of the biochemical 
processes of cells, particularly in plant systems where magnesium ions are vital for chlorophyll 
synthesis and central to its chlorin structure (Knox et al., 2001). It is also involved in the regulation 
of carbon fixation and helps activate the RuBisCO enzyme which incorporates CO2 as the first 
major step in the Calvin cycle (Stec, 2012, Jensen, 2000). Apart from regulatory cell signaling roles 
(Cheung, 1982), calcium also functions in many components of photosynthesis such as energy 
regulation between photosystems, stablisation of photosynthetic membranes, thylakoid stacking and 
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oxygen evolution and electron transport in PSII (Brand and Becker, 1984, Barr et al., 1980, Brand, 
1979). 
As these elements appear to be vital for core metabolic and photosynthetic processes and in the case 
of nitrogen which is inextricably linked to lipid production by way of N-depletion experiments 
(Tedesco and Duerr, 1989, Tornabene et al., 1983), it is thus important to get these nutrient 
conditions correct for each strain. That the assays were able to identify the key nutrient deficiencies 
limiting photosynthetic growth shows that the developed screens are particularly useful for strains 
that have not been extensively studied. Whilst the approach taken analyses each element as 
individual components in order to nutritionally cater for each strain, one must consider that these 
assays merely provide a starting point for nutrient replete cultivation and that other factors such as 
nutrient-nutrient interactions, light, temperature, salinity, CO2 concentration, etc. were not analysed 
and are areas which can be further optimised to improve photoautotrophic growth. 
The patent describes that oxamate derivatives are able to metabolically disrupt plant fuel 
metabolism by “inhibiting gluconeogenesis or fatty acid oxidation” (Newell et al., 2011). 
Supporting this claim are studies where oxamate binds to the carboxyl transferase domain of 
pyruvate carboxylase (PC) which catalyses the first step of gluconeogenesis (Marlier et al., 2013, 
Jitrapakdee et al., 2006, Zeczycki et al., 2010, Marin-Requero et al., 1986). Marin-Requero et al. 
(1986) reported that in isolated rat liver suspensions inhibition of gluconeogenesis by oxamate was 
largely dependent on pyruvate substrate availability and that fatty acid oxidation was not affected. 
That inhibition of metabolic flux through pyruvate carboxylase (PC) by oxamate was indirect and 
occurs through a secondary feedback based upon the rate of pyruvate transport into the 
mitochondria and that no significant inhibitory effects were observed above 0.4 mM pyruvate 
(Marin-Requero et al., 1986). However, in microalgae this was believed this to be conflicting as 
carbon fixation of CO2 from the Calvin cycle feeds into central metabolism as 3-phosphoglycerate 
or glyceraldehyde 3-phosphate, which occurs after PC in the gluconeogenesis pathway. Inhibition 
of LDH with oxamate typically used in cancer research blocks glycolysis as described by the 
Warburg effect (Papaconstantinou and Colowick, 1961, Elwood, 1968, Coe and Strunk, 1970, Zhai 
et al., 2013, Thornburg et al., 2008, Warburg, 1956, Novoa et al., 1958), and is more consistent with 
glycolytic energy generation in cells. Additionally, the lipid detection methodology outlined in the 
patent (with LSG) was also proven to be undependable as lipids in known producing strains failed 
to be accurately detected under N-deplete conditions. 
Of the 13 strains assessed, five were shown to have increased in cellular lipid content when dosed 
with NaOx. Increased lipids were generally detected at relatively high concentrations above 3 mM 
95 | P a g e  
 
NaOx, however at these concentrations NaOx was also found to be detrimental to culture growth for 
some strains. This cytostatic effect proposes that metabolism is being manipulated with carbon 
being diverted towards lipids; it does present issues in regards to culture growth and thus lipid 
productivity. This was addressed by the timed addition of NaOx later in the growth phase. Of the 
non-lipid producing strains, it cannot be discounted that NaOx didn’t inhibit metabolism and that 
strains alternatively diverted carbon towards other storage compounds (which don’t fluoresce with 
NR) such as carbohydrates, amino acids and/or glycerol all of which form the major fuel substrates 
for cellular respiration. Whilst certain species inherently accumulate high levels of lipids (e.g. 
Botryococcus braunii) they typically grow the slowest leading to low oil productivity (Wolf et al., 
1982, Wolf, 1983). Most Chlorophytes synthesise starch as their primary carbon storage component 
of photosynthesis (Sheehan et al., 1998, Brányiková et al., 2010, Li et al., 2011, Ball et al., 1990). 
Therefore research into “lipid trigger” strategies helps to identify candidate strains for lipid 
production for biofuels. The ability to control the cell’s biochemical processes also has practical 
advantages for scale-up systems by being able to sustain a high level of biomass growth without 
waiting for residual nutrients to be consumed or without having to replace media (as with N-
depletion). 
The potential accumulation of glycerol (as previously mentioned) as a substrate poses an interesting 
consequence as osmolytes can lead to increased cell size, which was observed in some strains and 
may confound the OD750 data if the morphological changes are significant. Under energy 
demanding conditions, glycerol is normally produced as a byproduct of triacylglyceride hydrolysis 
(lipolysis) after which it enters carbon metabolism. Whilst high amounts of glycerol synthesis are 
not expected to occur under non-saline conditions, the addition of NaOx especially at high 
concentrations may impart an osmotic effect. The potential for Dunaliella sp. like species in our 
collection to synthesise glycerol when LDH is inhibited is a possibility and should be further 
investigated. It is also uncertain to what extent NaOx is being taken up by the cell, whether 
metabolism is in fact manipulated due to direct inhibition of LDH or if cells are simply responding 
to an osmotic effect imparted by the sodium component. As lipid producing strains which positively 
respond to NaOx treatment have been identified, radiolabelled NaOx tracer experiments may be 
performed in future to track uptake. This would also help elucidate whether or not NaOx, a pyruvate 
analog, especially at high concentrations is also a potential carbon source. 
As noted earlier, the timed addition of NaOx disconnects the dependence of biomass growth and 
subsequent lipid production. Of the lipid producing strains, the most notable increase in lipids over 
the controls were C. protothecoides and S. acuminatus UQ ISO 7, whilst the others showed only a 
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slight net improvement in NR fluorescence. This was presumed this to be a result of non-induced 
nutrient depletion occurring in the 0 mM controls as initial nutrient screens were performed based 
on a 72 h growth cycle and should be revisited this for future assays. It may be possible that (non-
induced) nutrient depletion in combination with the timed addition of NaOx may influence its 
ability to divert carbon towards storage products (i.e. cell replication ceased before they could be 
inhibited by NaOx). Logic therefore dictates that the timing of NaOx inhibition (or any inhibition 
for that matter) is vital as a sufficient level of nutrients for continued cell function is required to 
allow newly fixed carbon to be metabolised into lipids (or other storage products). In the instance of 
the nutrient screens one would reconsider in future to perform the assays for ~200 h. 
Excluding C. protothecoides and C. reinhardtii 137c the rest of the strains were collected from local 
waterways around south east Queensland, Australia and have been selected from our culture 
collection based on their biomass growth performance and are unproven for lipid production. The 
responses of each strain to NaOx varied with respect to culture growth, lipid content and cell size. A 
great deal of inhibitor research on microalgae has predominantly focused on photosynthetic 
metabolism which has helped in elucidating the biochemical processes and regulatory steps 
involved (Cheng et al., 1972, Plumley and Davis, 1980, Goyal, 2002, Bowmer and Muirhead, 
1987), and toxicity of herbicides (i.e. agricultural runoff) on non-target aquatic plants and 
microalgae (Cedergreen and Streibig, 2005, Hess, 1980, Masojídek et al., 2011, Goyal, 2002, 
Oremland and Capone, 1988). Whilst a number of studies have investigated the toxicity effects of 
herbicide treatment on lipid composition (Hess, 1980, Masojídek et al., 2011, El-Sheekh et al., 
1994), only a few have investigated their potential for biotechnological biofuels applications 
(Denga et al., 2012). To our knowledge, the only oxamate inhibitor work on microalgae has been 
performed on cell free extracts of glycolate dehydrogenase (GD) (EC 1.1.99.14) in Chlamydomonas 
sp. (Beezley et al., 1976). This enzyme catalyses the oxidation of glycolate to glyoxylate, a well 
conserved photorespiratory pathway in microalgae and helps reuse phosphoglycolate, a byproduct 
of RuBisCo (Chauvin et al., 2008, Nelson and Tolbert, 1970). However the inhibition of GD should 
not affect the Calvin cycle process and the main flow of carbon into central metabolism. 
Research has shown that oxamate derivatives may affect metabolism in a number of ways by 
inhibiting LDH, PC, GD or a combination of each; there is also the potential for NaOx to impart an 
osmotic effect however this has yet to be established. Although the premise was largely based on 
shared metabolic pathways with microalgae, their response to NaOx treatment is likely to be 
reflective of their phylogenetic diversity and ecologically based adaptive mechanisms (Tirichine 
and Bowler, 2011, Perrineau et al., 2014). With over 3,000 different species of microalgae screened 
in the Aquatic Species Program in 1987 (Sheehan et al., 1998), the lipid induction assays of locally 
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collected strains only represents a tiny fraction of the diversity available. Much of microalgal lipid 
research is focused on inherent lipid producing strains (Miao and Wu, 2004, Tran et al., 2009, Li et 
al., 2008), or by genetic modification (e.g. starchless mutants) (Siaut et al., 2011); with many of the 
non-lipid producing strains not as intensively studied. Without discounting other carbon based 
metabolites, the response of the tested algal strains to NaOx with respect to lipid production, cell 
size and culture growth varied quite significantly. Regardless, the ability for NaOx to induce lipids 
in these unproven strains gives us alternate strategies to test the metabolic potential of algal species. 
In summary, the study presents an applied approach to test NaOx on unproven microalgal strains of 
varying metabolism. NaOx was found to induce as well as increase the cellular lipid content in 
some of the tested strains and in doing so identified candidate strains for further studies. It has also 
tested the developed nutrient screen assays and found it to be successful in optimising the 
nutritional requirements of different species. Additional work on other carbon storage components 
such as carbohydrates, amino acids and glycerol; along with radiolabelling might help elucidate 
how NaOx affects metabolism in these candidate strains and if the carbon in oxamate is being 
incorporated into carbon metabolism. This methodology has been tested with 14C-glycerol, which 
will be discussed in a later section (See Chapter 4 Uptake of 14C-glycerol in photo/heterotrophically 
grown microalgae). Other approaches may also be taken to further test the potential of NaOx, such 
as inducing anaerobiosis in order to force fermentative pathways, to inhibit Dunaliella sp. or to 
cultivate cultures under saline conditions. 
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Chapter 3. Inducing microalgal lipid production using conazole fungicides 
3.1 Introduction 
Photosynthesis is a process of reduction where CO2 is converted into usable energy substrates such 
as lipids and carbohydrates. In microalgae there are two extreme states of growth, active replication 
and inhibited cell division. Under optimal photoautotrophic growth conditions, cells utilise the 
energy to replicate and produce more biomass (low cell energy content). However, under adverse 
nutrient or environmental stress, cell division is inhibited and some species are able to maintain a 
reduced rate of photosynthetic function and reroute metabolic pathways to accumulate lipids (high 
cell energy content) (Roessler, 1990, Rodolfi et al., 2009, Wang et al., 2009, Sharma et al., 2012). 
The lipids are usually in the form of TAGs which function as an energy store for cells until growth 
conditions become more favourable. An ideal strategy for the enrichment of TAGs would be to 
artificially manipulate and inhibit cell replication under nutrient replete conditions so that cellular 
energy can be diverted to TAGs whilst maintaining efficient photosynthetic activity. One option is 
to use cytostatic chemical inhibitors of cell division such as conazoles. 
Conazole fungicides have been reported by Baird et al. (2010) to inhibit cellular replication, and to 
produce an increase in both cell size and the lipid content of the microalgae Dunaliella tertiolecta 
(Baird and DeLorenzo, 2010). The four conazoles they tested (i.e. triadimefon, triadimenol, 
propiconazole and hexaconazole) are known sterol inhibitors which reportedly accumulate a 
number of different sterol precursors (Barrett-Bee and Dixon, 1995, Zelazny et al., 1995). 
Ergosterol is the major sterol component found in the plasma membranes of fungi and is also 
commonly synthesised in Chlorophytes such as Chlamydomonas reinhardtii and D. tertiolecta 
(Baird and DeLorenzo, 2010, Miller et al., 2012, Brumfield et al., 2010). It reportedly has a similar 
role to cholesterol in vertebrates, being required for the maintenance of cell membrane structure, 
permeability and fluidity (Nes, 1973). Sterol synthesis occurs in the cytosol and within eukaryotes 
may occur via two evolutionary divergent pathways from the common biochemical steroid 
precursor squalene where it undergoes enzyme catalysed cyclisation and is converted into lanosterol 
(fungi) or cycloartenol (microalgae) before conversion to ergosterol (Figure 44) (Brumfield et al., 
2010, Miller et al., 2012, Giner et al., 1991, Christie, 2014a). Morpholine fungicides such as 
tridemorph (2,6-dimethyl-N-tridecyl-morpholine), a sterol inhibitor, have also been previously 
tested on Chlorella sorokiniana (Patterson, 1992), and Dunaliella salina (Zelazny et al., 1995) and 
found to negatively affect growth rate and cell morphology. 
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Figure 44: A simplified metabolic pathway of ergosterol synthesis in microalgae and fungi. Azole fungicides non-
competitively bind and alter the active site of sterol 14 α-demethylase to inhibit enzyme activity (Lepesheva and 
Waterman, 2007). 
 
Differences between the sterol synthesis pathways of fungi and vertebrates make it a suitable target 
for antifungal drugs. In triazoles, the nitrogen heterocyclic rings function as sterol 14 α-demethylase 
(EC 1.14.13.70) inhibitors by binding as the sixth ligand of the heme iron and occupying the active 
site with the side chain subsequently interacting with the polypeptide structure (Figure 45a) 
(Jefcoate et al., 1969, Yoshida and Aoyama, 1987, Benvenist, 1986). In fungi, this prevents the 
demethylation of ergosterol precursors (lanosterol) which leads to compromised membrane function 
and a buildup of sterol intermediates and inhibits cellular replication (Baird and DeLorenzo, 2010, 
Eicher and Hauptmann, 2003, White et al., 1998, Georgopapadakou and Walsh, 1996, Barrett-Bee 
and Dixon, 1995, Bossche et al., 1992, Lepesheva and Waterman, 2007). Of the fungicides tested 
by Baird et al. (2010); triadimenol, propiconazole (Figure 45b), and hexaconazole (Figure 45c) 
were of notable interest with over 600% increase in total lipid over the control (Table 6). Although 
the mechanism of inhibition between these conazoles is the same, differences in the potency and 
amount of lipids produced suggests that the side chain interactions may play a part in the inhibition 
of 14 α-demethylase (Yoshida and Aoyama, 1987, Jefcoate et al., 1969, Bossche et al., 1992, 
Lepesheva and Waterman, 2007). 
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(a) (b) (c)  
Figure 45: Molecular structures of (a) triazole; (b) propiconazole; and (c) hexaconazole. (Images from 
www.chemblink.com) 
 
Table 6: Toxicity values for each of the conazoles tested and total lipids measured following a 96 h exposure (Baird and 
DeLorenzo, 2010). 
Fungicide EC50 (mg/L) Total Lipid (µg/106 cells)* 
(Control) Triolein standard N/A 11.14 
Triadimefon 5.98 36.34 
Triadimenol 5.51 91.37 
Propiconazole 2.33 89.98 
Hexaconazole 0.91 70.33 
Note that NR fluorescence was calculated against a calibration curve using a triolein standard to achieve gravimetric 
data. 
 
Although Dunaliella sp. are a metabolically adaptive genera of microalgae with the ability to 
synthesise glycerol from starch reserves for osmoregulation (Borowitzka and Brown, 1974, Craigie 
and McLachlan, 1964a), the sterol biosynthesis pathways are ancient and well conserved amongst 
many organisms across all biological kingdoms (Lepesheva and Waterman, 2007). This raises the 
possibility that conazole fungicides may also inhibit cell replication in other microalgal species and 
induce lipid production while maintaining carbon fixation. It is also possible that build up of 
cellular lipids may occur more rapidly than with N-depletion. Even a partial effect could justify a 
search for variant compounds that are more suitable to inhibit cell division and accumulate lipids. 
Whilst many strains within Chlorophyta can synthesise low levels of TAGs under optimal 
conditions, the varied lipid response to different stressors appears to be species dependent (Griffiths 
and Harrison, 2009, Sharma et al., 2012). The fact that increased lipid production can be induced, 
suggests that the physiological pathways towards lipid biosynthesis are able to be influenced by 
other means (i.e. chemical inhibitors). This series of experiments complements the NaOx trials by 
analysing the effect of conazoles on biomass growth, lipid production and morphology (See Chapter 
2 Inducing lipid production in microalgae with sodium oxamate). Not only does this test the effect 
of the studied inhibitors, it also examines the metabolic potential for the tested strains. 
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3.2 Materials and methods 
3.2.1 Strains and culture conditions 
Dunaliella tertiolecta UTEX LB999 as used by Baird et al. (2010) is supplied by the University of 
Texas, USA as a non-axenic culture and was later found to be contaminated with fungal spores. 
This suggests the possibility of a confounding factor, particularly when testing fungicides. UTEX 
999 is supplied as an axenic stock and was subsequently ordered. Cultures were grown under 
photoautrotrophic conditions on F/2+V medium (pH 8.1, filtered seawater, NaNO3 [0.88 mM], 
NaH2PO4.2H2O [36 µM], ZnSO4.7H2O [0.08 µM], MnSO4.H2O [0.9 µM], Na2MoO4.2H2O [0.03 
µM], CoSO4.7H2O [0.05 µM], CuCl2.2H2O [0.04 µM], Fe(NH4)2(SO4)2.6H2O, [11.7 µM], 
Na2EDTA.2H2O [11.7 µM], thiamine HCl [52 µM], biotin [0.1 µM] and cyanocobalamin [0.14 
µM]). Additional control strains Scenedesmus dimorphus UTEX 1237 (University of Texas, USA), 
Chlorella protothecoides UTEX 256 (University of Texas, USA) and Chlamydomonas reinhardtii 
137c (Australian National Algae Culture Collection - CSIRO, Australia) were also purchased to 
complement our collection of eight locally isolated Australian Chlorophytes (Strains: Chlorella 
sorokiniana GWW, 23, GR ISO1, Scenedesmus acuminatus UQ ISO 7, BL ISO17, Monoraphidium 
convolutum 9 (FW), Kirchneriella obesa 4A_2 and 20_1). These strains were cultivated using media 
optimised through our nutrient screens (See 2.2.2 Nutrient optimisation); with the exception of S. 
dimorphus which was cultivated in 3N-BBM+V. To ensure that cultures were indeed free of 
contaminants, microalgae were isolated by dilution and cultivated from a single colony and 
monitored over successive generations. All strains were maintained under continuous cool white 
light (100 µE m-2 s-1) at room temperature at the same conditions as presented in 2.2.1 Strains and 
culture conditions” unless stated otherwise. 
 
3.2.2 Dose-response of hexaconazole and propiconazole fungicides 
As conazoles have a low solubility in water, there was concern about the potential confounding 
effects of using acetone, final concentration 0.1% (v/v), as a solvent for the conazoles (as per the 
methodology by Baird et al.) as it could potentially be used as a carbon source by the algae (Baird 
and DeLorenzo, 2010). To minimise the amount of carbon in the trials, stock solutions of 5 g/L 
hexaconazole and propiconazole (Sigma-Aldrich) were prepared in 100% methanol and then diluted 
into the tested cultivation mediums to yield a final concentration between 0 – 1 mg/L (at 0.1 mg/L 
increments). To address any concerns of methanol as a potential carbon source. A final 
concentration of 0.022% (v/v) methanol (reduced from 0.1% (v/v) acetone) was maintained for the 
102 | P a g e  
 
methanol based samples. In addition, triplicate 0 mg/mL methanol controls (Column 2, Figure 46) 
were compared against 15 wells of 0 mg/L without methanol controls (Column 1 and rows D and E, 
Figure 46) and were found to be comparable (Figure 48). Dose-response trials of hexaconazole and 
propiconazole were performed in the Tecan Freedom Evo robotics system under the same dose-
response cultivation conditions as previously described (See 2.2.4 Dose-response of sodium 
oxamate). Cultures were dispensed and conazoles administered at 0 h as per the template below 
(Figure 46). All OD750 values refer to measurements taken from the plate reader unless stated 
otherwise. 
 
Figure 46: The dose-response template covers 10 different concentrations of both hexaconazole and propiconazole in 
triplicate. Rows D and E were included as additional 0 mg/L untreated controls for the respective strains. 
 
3.2.3 Flow cytometry analysis 
Flow cytometry analysis was performed as previously outlined (See 2.2.5 Flow cytometric 
analysis). The parameter voltage gain settings for the additional strains were as follows: 
Strains/Voltage 
parameters 
FSC SSC B_530/30 B_585/42 B_670LP 
D. primolecta 180 350 500 420 300 
S. dimorphus 180 350 500 400 300 
All other strains 280 350 500 400 300 
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3.2.4 Time course Nile Red fluorescence of timed conazole addition 
A single timed addition of conazoles at 96 h was performed as previously outlined (See 2.2.7 Time 
course Nile Red fluorescence of delayed administration of oxamate addition). Identified lipid 
producing strains were tested at 0 mg/L, 0.3 mg/L, 0.6 mg/L and 1.0 mg/L of hexaconazole and 
propiconazole. 
 
3.3 Results 
3.3.1 Dose-response hexaconazole and propiconazole treatment and flow cytometry analysis 
After 72 h of growth, the maximum OD750 plateau value (OD750-max) was assessed. Across most 
strains only a little visual disparity in the growth was seen with increased concentrations of 
conazole treatment (Figure 47) suggesting that final growth reached a plateau due to nutrient 
limitation. However closer analysis of the OD750-max data revealed decreases in the total biomass 
yield in cultures such as S. dimorphus, D. tertiolecta, C. protothecoides, C. reinhardtii 137c, S. 
acuminatus UQ ISO 7, strain 20_1 and M. convolutum 9(FW), which suggests that conazole 
treatment may be cytostatic; however no significant discernible differences were observed between 
the two conazole compounds (Figure 48). 
The exception to this was strain 23 in which the OD750-max increased with both hexaconazole and 
propiconazole treatment (Figure 48k & l); the SSC-W profile revealed that cell morphology 
remained unchanged which suggests that increased cell replication as opposed to increased cell size 
accounted for the increased biomass yield (Appendix 4.6 Hexaconazole and propiconazole flow 
cytometry data, Figure 94 and Figure 95). 
Note: As two controls were used to analyse the effects of the solvent on culture growth, the 0 mg/L 
non-methanol controls were plotted as -0.1 mg/L on the scatter plots of Figure 48 and the 0 mg/L 
methanol controls plotted as 0 mg/L for ease of representation. 
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Figure 47: Visual analysis of dose-response hexaconazole (top) and propiconazole (bottom) treatment per plate. Key: (a) S. acuminatus UQ ISO 7; (b) C. reinhardtii 137c; (c) strain C. sorokiniana GWW; (d) strain 20_1; (e) strain BL ISO 17; (f) S. dimorphus; (g) strain 
23; (h) K. obesa 4A_2; (i) M. convultum 9(FW); (j) D. tertiolecta; (k) strain GR ISO 1; and (l) C. protothecoides. Concentrations increasing from left to right. 
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Figure 48: Total biomass scatter plot OD750-max of strains treated with hexaconazole and propiconazole. Key: (a & b) S. dimorphus; (c & d) D. tertiolecta; (e & f) C. protothecoides; (g & h) C. reinhardtii 137c; (i & j) C. sorokiniana GWW; (k & l) Strain 23; (m & n) 
Strain GR ISO 1; (o & p) S. acuminatus UQ ISO 7; (q & r) Strain BL ISO 17; (s & t) M. convolutum 9 (FW); (u & v) Strain 20_1; and (w & x) Strain 4A_2. 
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The flow cytometry Nile Red (NR) data indicated that contrary to what was reported by Baird et al. 
(2010), D. tertiolecta cultures did not increase in cellular lipid content upon exposure to conazole 
treatment at 72 h after inoculation and within a concentration range from 0 – 1 mg/L (See Appendix 
4.6, Figure 86 and Figure 87). The results showed a fivefold increase in cellular lipid content was 
observed in S. dimorphus (Figure 51 and Figure 53), and S. acuminatus UQ ISO 7 cultures (Figure 
55 and Figure 57). Although growth data (Figure 48, a & b, o & p) indicated a genuine decrease in 
the biomass yield of these two strains as a result of conazole treatment, it is important to 
acknowledge the colonial morphology of Scendesmus sp. cells which is aptly reflected by the wide 
SSC-W distributions (i.e. cell size) (Figure 50, Figure 52, Figure 54 and Figure 56) (Trainor et al., 
1976). The increase in SSC-W observed in conazole treated cultures can either be due to an increase 
in individual cell size or a colonial type clustering of cells which may increase in a combination of 
cell number, cell size and aggregation. As optical density measurements are a function of cell size 
and number this indicates that the OD750 data may possibly be overestimated (with respect to cell 
number) in treated cultures. This suggests that cell replication may be more adversely affected than 
as represented by the growth data. 
This is best summarised in an example of the flow cytometry contour plots (Figure 49). This shows 
that whilst cell size of the “smaller cells” at ~90 RLS (relative light scatter) remained relatively 
unchanged in both untreated 0 mg/L and 1 mg/L hexaconazole treated cultures, there is a 
subpopulation of “larger cells” (~130 RLS) which exhibit high levels of NR fluorescence indicative 
of a concomitant increase in lipid content. This depiction was observed in both Scenedesmus sp. 
strains irrespective of hexaconazole and propiconazole treated cultures (data not shown). 
 
Figure 49: NR vs. SSC-W contour plots of S. dimorphus cells. The plots show that the larger cells (or cell clusters) 
significantly increased in cellular lipid content with increased hexaconazole concentrations. Left: 0 mg/L control 
cultures (A1), right: 1.0 mg/L maximum concentration (A12). 
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Baird et al. (2010) reported differences across the conazole compounds, with high potency of 
hexaconazole and higher lipid content with propiconazole. However in these experiments the 
variations in lipid content appeared to be strain dependent with over double the NR fluorescence 
recorded for S. dimorphus than for S. acuminatus UQ ISO 7. 
Figure 50, Figure 52, Figure 54 and Figure 56 shows the sets of flow cytometry data for S. 
dimorphus and S. acuminatus UQ ISO 7 treated with hexaconazole and propiconazole. The left 
hand columns depict the NR fluorescence histogram profile, which shows the cellular lipid content 
of the analysed culture. As shown by the red arrows, an increase in lipid content occurred with 
increasing concentrations of either conazole treatment. The right hand column shows the side 
scatter pulse width profile (and thus cell size) of cells within the culture, which likewise showed 
that cell size increased with increased dosages of conazole treatment (blue arrows). To provide an 
overview of cellular lipid content the triplicate NR fluorescence data points were respectively 
plotted in Figure 51, Figure 53, Figure 55 and Figure 57. In summary, the key finding was that both 
hexaconazole and propiconazole resulted in an approximate fivefold increase in cellular lipid 
content in both S. dimorphus and S. acuminatus UQ ISO 7. 
Note: As with the OD750-max scatter plots, since two controls were used to solvent on culture growth, 
the 0 mg/L non-methanol controls were plotted as -0.1 mg/L and the 0 mg/L methanol controls 
plotted as 0 mg/L for ease of representation. 
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Scenedesmus dimorphus (Hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number. 
   
Figure 50 (left): Triplicate flow cytometry data series 
(A, B and C) of NR fluorescing S. dimorphus cells 
treated with increasing concentrations of hexaconazole. 
B_585/42-A histograms (left) and SSC-W histograms 
(right). 
 
 
 
 
 
 
Figure 51: Trending averages of mode RFU of S. 
dimorphus populations describing the NR fluorescence 
of cells when treated with hexaconazole. Error bars are 
standard error of the mean (SEM; n = 3). 
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Scenedesmus dimorphus (Propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number. 
   
Figure 52 (left): Triplicate flow cytometry data series (F, 
G and H) of NR fluorescing S. dimorphus cells treated 
with increasing concentrations of propiconazole. 
B_585/42-A histograms (left) and SSC-W histograms 
(right). 
 
 
 
 
 
 
Figure 53: Trending averages of mode RFU of S. 
dimorphus populations describing the NR fluorescence 
of cells when treated with propiconazole. Error bars are 
standard error of the mean (SEM; n = 3). 
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Scenedesmus acuminatus UQ ISO 7 (Hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number. 
   
Figure 54 (left): Triplicate flow cytometry data series 
(A, B and C) of NR fluorescing S. acuminatus UQ ISO 7 
cells treated with increasing concentrations of 
hexaconazole. B_585/42-A histograms (left) and SSC-W 
histograms (right). 
 
 
 
 
 
 
Figure 55: Trending averages of mode RFU of S. 
acuminatus UQ ISO 7 populations describing the NR 
fluorescence of cells when treated with hexaconazole. 
Error bars are standard error of the mean (SEM; n = 3). 
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Scenedesmus acuminatus UQ ISO 7 (Propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number. 
   
Figure 56 (left): Triplicate flow cytometry data series (F, 
G and H) of NR fluorescing S. acuminatus UQ ISO 7 
cells treated with increasing concentrations of 
propiconazole. B_585/42-A histograms (left) and SSC-
W histograms (right). 
 
 
 
 
 
 
Figure 57: Trending averages of mode RFU of S. 
acuminatus UQ ISO 7 populations describing the NR 
fluorescence of cells when treated with propiconazole. 
Error bars are standard error of the mean (SEM; n = 3). 
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3.3.2 Time course NR fluorescence of delayed administration of conazoles 
Addition of either conazole compound at 96 h (red arrow) appropriately induced lipid production in 
both strains with a 150 – 220 % increase (over the 0 mg/L controls) in culture lipids observed at 1.0 
mg/L of either hexconazole or propiconazole (Figure 58). As with the flow cytometry data, no 
notable differences in the level of lipids produced between hexaconazole and propiconazole 
treatments were observed. However, a disparity in the level of lipids produced was seen between 
the two strains and was especially apparent in the inherent level of NR fluorescence before conazole 
treatment at 96 h (red arrow). Despite similar biomass growth, around 10 times more NR 
fluorescence was recorded for S. dimorphus than for S. acuminatus. 
Scenedesmus dimorphus 
 
Scenedesmus acuminatus UQ ISO 7 
 
Figure 58: Time course NR fluorescence of conazole treated cultures showed a two to threefold increase in culture lipid 
when dosed at 96 h (red arrow). Key: S. dimorphus, (a) hexaconazole and (b) propiconazole; S. acuminatus UQ ISO 7, 
(c) hexaconazole and (d) propiconazole. Error bars are standard error of the mean (SEM; n = 3). 
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The flow cytometry data (Appendix 4.6, Figure 86 and Figure 87) showed the cellular lipid content 
in D. tertiolecta remained unchanged with hexaconazole and propiconazole treatment. Despite this, 
the timed addition of conazoles on D. tertiolecta cultures was nevertheless conducted (red arrow) to 
observe for lipid production over 200 h of growth (Figure 59); in parallel N-depletion was 
performed as a control to induce lipid production (red arrow). The data indicated that lipid induction 
was possible in D. tertiolecta with N-depletion but not with conazole treatment. This suggests that 
the original authors may have had unidentified inhibitory factors (e.g. nutrient depletion, 
contamination, culture stress conditions) which may have induced lipid production. Their use of 
acetone as the soluble solvent may have also impacted on lipid production or it is also possible that 
they may have had fungal contamination of the culture and the subsequent treatment with 
fungicides may have had a secondary inhibitory effect on microalgal cells. 
 
Figure 59: Time course NR fluorescence of D. tertiolecta cultures with hexaconazole (left) and propiconazole (right). 
Error bars are standard error of the mean (SEM; n = 3). 
 
Results of the trials support the findings by Baird et al. (2010) that conazole fungicides can inhibit 
microalgal growth, induce changes in cell morphology and increase intracellular lipid content 
(Baird and DeLorenzo, 2010). The key results showed that hexaconazole and propiconazole 
reduced the level of biomass growth in eight out of the 14 microalgal strains tested (S. dimorphus, 
D. tertiolecta, C. protothecoides, C. reinhardtii 137c, S. acuminatus UQ ISO 7, strain 20_1 and M. 
convolutum 9(FW)) which is indicative of inhibited cell division. Although it is uncertain whether 
cytostaticity was a result of compromised cell wall structure, or a combination of built up 
potentially toxic sterol precursors (Barrett-Bee and Dixon, 1995, Benvenist, 1986). Of these, the 
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two Scenedesmus sp. strains recorded up to a fivefold increase in cellular lipid content in a 
subpopulation of “larger cells” as a result of conazole treatment (at 0 h). These larger cells will need 
to be further checked microscopically to verify the changes in cell morphology in colonial 
clustering commonly observed in Scenedesmus sp. strains. Both strains were further tested by 
administering conazoles at late exponential growth phase (96 h) to maximise biomass yield and 
resulted in up to a twofold increase in culture produced lipids. Additionally it was not possible to 
replicate conazole induced lipid production in D. tertiolecta cultures, although lipid production was 
possible by N-depletion. The results show that conazole compounds are able to inhibit cell 
replication in microalgae and in some strains increase cellular lipid content significantly. 
 
3.4 Discussion 
As comprehensively reviewed by Kleczkowski, L. A. (1994), inhibitors have been instrumental in 
elucidating the photosynthetic biochemical processes and the regulatory steps involved 
(Kleczkowski, 1994). Similarly, inhibitors that induce lipid production in microalgae can be used to 
reveal more about such processes and in the context of microalgal biotechnology they can be 
beneficial in improving lipid productivity for biofuel production. Whilst the ability for microalgae 
to produce energy rich molecules such as lipids is certainly within the metabolic potential of all 
strains (Guschina and Harwood, 2006, Li et al., 2011), the extent to which they are able to 
accumulate large amounts of these substrates have reported to be strain dependent (Rodolfi et al., 
2009). Although microalgal strains have been extensively screened for lipid producers and 
biosynthesis pathways have been outlined and actively discussed in the literature (Guschina and 
Harwood, 2006, Hu et al., 2008, Liang et al., 2009, Banerjee et al., 2002, Sheehan et al., 1998, 
Huntley and Redalje, 2007), little is known about the regulatory mechanisms involved in stress 
induced high lipid producing strains and other metabolically unique strains which can store carbon 
as other compounds (e.g. hydrocarbons in Botryococcus sp. and glycerol in Dunaliella sp.) 
(Metzger and Largeau, 2005, Borowitzka and Brown, 1974). This potential to accumulate high 
energy substrates may have occurred through adaptive evolution over successive generations in 
response to an environmental stressor (García-Fernández and Diez, 2004, Perrineau et al., 2014), 
and can be further explored through screening of different strains, testing inhibitor compounds 
and/or by genetic modification (i.e. starchless mutants) (Wang et al., 2009, Siaut et al., 2011, 
Zabawinski et al., 2001). 
Highly conserved sterol synthesis pathways between microalgae and fungi suggest that conazole 
fungicide compounds which bind to and inhibit sterol 14 α-demethylase should be cytostatic in all 
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microalgae strains that utilise the cycloartenol pathway to form ergosterol (Brumfield et al., 2010, 
Miller et al., 2012, Giner et al., 1991, Christie, 2014a, Patterson, 1992, Zelazny et al., 1995). Sterol 
accumulation in microalgae induced by ergosterol mediated inhibition with tridemorph (another 
sterol inhibitor) has previously been shown via chromatography methods (Patterson, 1992, Zelazny 
et al., 1995). It has been reported that excess/accumulated sterols are typically conjugated with fatty 
acyl-CoA to form esters which along with a number of their related enzymes can be commonly 
observed in lipid organelles of tobacco and yeast cultures (Guo et al., 2009, Schaller et al., 1995, 
Gondet et al., 1994, Silvestro et al., 2013). Contained within these lipid bodies are other large lipid 
constituents such as glycerolipids (Guo et al., 2009, Christie, 2014a, Martin and Parton, 2006). Prior 
to the work of Baird et al. (2010) no previous studies with conazoles on microalgae had been 
performed, nor had NR been utilised to detect lipid production as a proxy for the buildup of sterol 
intermediates (Baird and DeLorenzo, 2010). Although NR fluoresces strongly in these hydrophobic 
organelles the methodology is not suitable for sterol quantification due to the accumulation of large 
amounts of TAGs (between 20 – 50 % of the dry cell weight) in microalgae especially under 
cytostatic conditions (Greenspan et al., 1985, Hu et al., 2008). In the context of biodiesel production 
irrespective of accumulated sterol esters or TAGs, only the fatty acid components are considered for 
alkyl ester transesterification. 
The response mechanism in which microalgae produces and accumulates lipids when cell growth is 
inhibited by conazoles is not unique to Scenedesmus sp. as Baird et al. (2010) showed that D. 
tertiolecta was capable of doing so. The inability to suitably detect increased NR fluorescence in the 
other cytostatically effected strains in our trials indicates that despite reduced cell growth, both 
sterol and TAG accumulation in these strains was low. In the case of D. tertiolecta, it indicates that 
other factors such as changing the solvent from acetone to methanol, higher dosage concentrations 
(despite cytostaticity <1.0 mg/L), differences in nutrient levels, growth conditions (e.g. light cycle, 
CO2 supply, salinity), or even possible fungal contamination may have contributed towards 
inducing lipid production as observed by the authors. This may also be the case for the other strains 
such as C. reinhardtii 137c, C. protothecoides, strain 20_1, M. convolutum 9(FW) and C. 
sorokiniana GWW (some of which are known lipid producers with NaOx inhibition (Chapter 2)). 
This suggests that in these strains, inhibited cell division as a result of blocked ergosterol synthesis 
does not directly or partly contributes in triggering lipid biosynthesis. It may be that a missing 
element (e.g. nutritional or growth condition) or a specific side chain interaction (of the inhibitor) is 
required to trigger lipid production. It is probable that in these strains, photosynthetic carbon 
fixation was not sustained or that the carbon was alternatively stored as a substrate not detectable by 
NR (e.g. carbohydrates or protein). It would be difficult to test for lipid production in all the 
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different combinations of these conditions for each individual strain. Whilst this would require 
further studies to elucidate such interactions the first step is to identify strains that are able to be 
successfully inhibited and positively increase in lipids. Strains such as S. acuminatus UQ ISO 7 
from the lab’s culture collection have been shown to be metabolically adaptive in its ability to 
produce lipids as a result of conazole (and NaOx) inhibition and would be ideal for further 
mechanistic studies. 
Whilst the amount of lipids produced by S. acuminatus UQ ISO 7 are lower than that produced by 
S. dimorphus, further optimisation can be done to improve biomass and lipid productivity. The use 
of a locally collected strain such as S. acuminatus for large scale production can alleviate 
biosecurity concerns of imported strains such as S. dimorphus particularly in open cultivation 
systems (e.g. raceway pond). Collecting, identifying and screening such strains from local 
waterways not only help to explore genetic diversity; it also tests the flexibility of the high 
throughput nutrient screens and lipid induction trials in an applied approach to microalgal 
biotechnology. This process can also be adapted for other bioproducts and would be especially 
useful for the screening of high value products (HVP). 
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Chapter 4. Uptake of 14C-glycerol in photo/heterotrophically grown microalgae 
4.1 Introduction 
Certain species of microalgae are able to accumulate between 20 – 50% of their dry weight as lipids 
under certain stress conditions (Hu et al., 2008). Biodiesel produced from microalgal lipids show 
promise as a transitional biofuel due to existing infrastructure and with minimal modifications to 
existing engines (Gerpen et al., 2004, Knothe, 2005, U.S. Department of Energy, 2006). It is also an 
easily produced fuel for remote locations lacking sophisticated processing facilities where fuel 
deliveries are expensive and unreliable. 
Traditionally microalgae production systems have focused on photoautotrophic growth conditions 
in which solar energy drives the photosynthetic reduction of CO2 into compounds such as 
carbohydrates, lipids and proteins. A number of studies have focused on the costs of standalone 
microalgal biofuel production and found it unfeasible in the current economic climate without the 
coproduction of high value products (Gao et al., 2012, Sheehan et al., 1998, Huntley and Redalje, 
2007, Stephens et al., 2010). Whilst the appeal of microalgal systems primarily lies in their 
photoautotrophic ability, they are highly adaptable organisms and certain species are able to grow 
photo/heterotrophically by supplementing part of their energy and/or carbon requirements by 
utilising exogenous substrates such as acetate, glucose, glycerol, amino acids and other metabolic 
intermediates (O'Grady and Morgan, 2011, Fernandez Sevilla et al., 2004, Narayan et al., 2005, 
Pyle et al., 2008, Perez-Garcia et al., 2011, Bouarab et al., 2004, Richmond, 2004, Neilson and 
Lewin, 1974). One approach to improve culture productivity is for microalgae to utilise one of these 
substrates in addition to CO2 fixation. Assimilation of cheaply available photosynthetically derived 
or organic waste carbon can prove both carbon-friendly and economically advantageous for large 
scale biomass production (Athalye et al., 2009, da Silva et al., 2009, Pyle et al., 2008). Chi et al, 
have demonstrated that crude glycerol was able to support the cultivation of Schizochytrium 
limacinum, a non-photosynthetic thraustochytrid. This suggests that there is potential for such a 
cultivation strategy for commercial applications (Honda et al., 1998, Chi et al., 2007). 
Whilst the cost-benefits in the supply of a carbon substrate, high capital costs for bioreactors and 
the potential for contamination by competing microorganisms are issues that need to be considered 
in large scale production systems (Fernandez Sevilla et al., 2004), companies such as Solazyme Inc. 
have been successful in utilising this mode of cultivation using plant derived sugars (Bullis, 2008). 
Such systems can present engineering solutions to biological limitations over outdoor raceway pond 
cultivation systems by allowing process control over ecological parameters, maintenance of 
monoculture, ability to contain bioengineered strains and alleviation of light limitation commonly 
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observed in photoautotrophic cultures (Liang et al., 2009, Morales-Sánchez et al., 2013, Sheehan et 
al., 1998). This mode of cultivation benefits greatly from readily available technologies and 
knowledge gained from existing fermentation systems, allowing photo/heterotrophic cultivation 
systems to achieve higher cell biomass when compared against reported areal production figures for 
autotrophic cultivation (Heredia-Arroyo et al., 2010, Liang et al., 2009, Morales-Sánchez et al., 
2013, Scott et al., 2010).  
As described in the previous two chapters, glycerol is a major component in metabolism and is 
synthesised by all eukaryotes as a precursor for glycero- and phospholipid synthesis. Its positioning 
within central metabolism is vital as glycerol can also be converted into glucose via 
gluconeogenesis, or yield energy by entering the glycolytic pathway and fed into the TCA cycle 
(Perez-Garcia et al., 2011). In halotolerant microalgae such as Dunaliella sp. it is also metabolised 
from starch reserves and used as an osmolyte where it passively diffuses across the chloroplast 
membrane in response to hyperosmotic shock (Borowitzka and Brown, 1974, Avron and Ben-
Amotz, 1992, Craigie and McLachlan, 1964b, Goyal, 2007, Ben-Amotz and Avron, 1973). 
Biodiesel is commonly produced from animal fat and vegetable oil via transesterification. In this 
process, an alcohol and a catalyst are reacted with extracted TAG to fatty acid alky esters and the 
free glycerol (backbone) byproduct (Scott et al., 2010, da Silva et al., 2009). Approximately 1 kg of 
glycerol is yielded for every 10 kg of biodiesel produced (Rymowicz et al., 2010). With increased 
global biodiesel production there has been focus on alternative uses for the excess crude glycerol 
(Yang et al., 2012, Johnson and Taconi, 2007). Due to its impurities, crude glycerol is of little 
value. The costs of removing the containing salts, alcohol, residual lipids and soaps make it 
unfeasible despite the versatility of the pure compound commercially in both pharmaceutical and 
industrial applications (Yang et al., 2012, Johnson and Taconi, 2007, da Silva et al., 2009). Its 
availability and low cost presents an interesting opportunity for glycerol recycling in 
microorganisms (Chatzifragkou et al., 2011, Pyle et al., 2008, Chen and Walker, 2011, Cerón-
García et al., 2013). 
Glycerol transport and its metabolism appear to not have been extensively studied in microalgal 
systems. However comparable research on bacterial systems and particularly higher plants suggests 
that glycerol is able to actively diffuse across the cell wall at (or possibly via facilitated transport 
mechanisms) (Wang et al., 2001, Schweizer et al., 1997, Santoni et al., 2000). The assimilation of 
glycerol into microalgal metabolism can serve as a source of carbon or energy or both (Perez-
Garcia et al., 2011). How it is utilised depends on the capability of the species and the metabolic 
state of the cell (e.g. light/dark, aerobic/anaerobic). In the cytoplasm glycerol is oxidized to 
dihydroxyacetone phosphate before conversion into glyceraldehyde 3-phosphate (G3P) which 
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commonly intersects several metabolic pathways such as glycolysis or gluconeogenesis. The fates 
of G3P are many as it may ultimately be converted into a number of end products such as lipids, 
carbohydrates or amino acids. G3P may also be further converted into pyruvate, which can be 
oxidised by the TCA cycle within the mitochondrion for energy generation (Avron and Ben-Amotz, 
1992, Perez-Garcia et al., 2011, da Silva et al., 2009).  
Over the past few years Chlorella protothecoides has been reported in the literature as being able to 
heterotrophically utilise glycerol as a carbon substrate. However, these studies have included 
supplemented substrates such as glucose, glycine and/or a yeast extract within the medium which 
can confound the results (Cerón-García et al., 2013, Chen and Walker, 2011, O'Grady and Morgan, 
2011); especially since, with a relatively low energy content, glycerol would not be as preferred a 
substrate as these other compounds (Table 7). Whilst glycerol’s metabolic pathways and associated 
regulatory enzymes have been identified (Perez-Garcia et al., 2011), little is known about its 
metabolism under photo/heterotrophic conditions, and how external growth factors (i.e. light, 
oxygen, etc.) can influence a cell’s anabolic or catabolic state with respect to glycerol assimilation. 
In this study, glycerol assimilation in C. protothecoides under different growth regimes as a source 
of carbon is investigated. 
 
4.2 Materials and methods 
4.2.1 Strains and culture conditions 
Scenedesmus dimorphus (UTEX 1237) and Chlorella protothecoides (UTEX 256) were purchased 
through the University of Texas microalgae culture collection (Austin, Texas). Cultures were 
maintained under photoautrotrophic conditions with continuous white light, 100 µE m-2 s-1 on 3N-
BBM+V, unless stated otherwise (See 2.2.1 Strains and culture conditions for 3N-BBM+V media). 
 
4.2.2 Nitrogen and glycerol nutrient screens 
A number of commercially available strains were initially tested under photoheterotrophic 
conditions due a lack of controllable CO2 atmosphere. A range of supplemented carbon substrates 
such as potassium acetate, sodium bicarbonate, glucose and glycerol were investigated. From these 
trials it was observed that both S. dimorphus and C. protothecoides appeared to respond well to the 
addition of glycerol into the medium and this was investigated further. In order to suitably assess 
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these strains for glycerol assimilation, the best conditions for growth were first determined, so that 
growth was not limited by other factors than the carbon source. This was established by identifying 
optimal concentrations of the preferred nitrogen type, as well as the optimum concentration of 
glycerol in which good growth rates and biomass productivity occurred. 
A range of nutrient conditions were then assessed in a two stage screen conducted in 150 µL trials. 
A different combination of nutrients was dispensed into each well of Nunc 96 multiwell plates as 
per the plate schematics (Figure 60). Cultures were monitored via turbidimetric analysis by 
measuring optical density (OD) at 750 nm. Cells were washed in 50 mM Tris-HCl (pH 7) and 
inoculated at OD750 0.2 across in the wells of the plates. Nutrient screens were carried out on VWR 
microplate shakers (VWR International) with each supporting four multiwell plates shaken at 800 
rpm under an array of fluorescent cool white lights (100 µE m-2 s-1). Measurements were manually 
recorded at 3 hour intervals using a Biowave XS multiwell plate reader and exported to Microsoft 
Excel. The raw data was then transformed using a sigmoidal-dose response (variable slope) curve 
fit using Graph Pad Prism to generate growth curves. Curve fits with an R2 value of >0.9 were 
selected and analysed to exclude unreliable data sets. 
The first screen analysed a range of primary macronutrients, nitrogen compounds and 
concentrations and glycerol as below: 
Compound 
type 
Concentrations tested 
NaNO3 0 mM 4.4 mM 8.8 mM 13.2 mM 30 mM  
NH4Cl 0 mM 4.2 mM 8.4 mM 12.6 mM 30 mM  
(NH2)2CO 0 mM 3.8 mM 7.5 mM 11.3 mM 15 mM  
NH4NO3 0 mM 3.8 mM 7.5 mM 11.3 mM 15 mM  
Glycerol 0 mM 8.5 mM 17 mM 34 mM 102 mM 180 mM 
 
All other secondary macronutrients and micronutrients were maintained at a constant level within 
the basal media (pH 7, CaCl2.2H2O [0.17 mM], MgSO4.7H2O [0.3 mM], KH2PO4 [1.25 mM], 
K2HPO4 [0.42 mM], FeSO4.7H2O [18 µM], CuSO4.5H2O [6.4 µM], MnCl2.4H2O [25.8 µM], 
ZnSO4.7H2O [77 µM], H3BO3 [0.18 mM], (NH4)6Mo7O24.4H2O [0.89 µM], CoCl2.6H2O [6.7 µM], 
EDTA-Na2 [0.68 mM], Tris-HCl [100 mM], thiamine HCl [52 µM] and cyanocobalamin [0.14 
µM]. 
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Each combination of nitrogen and glycerol was dispensed into individual wells (Figure 60). TAP 
medium was used as a control medium. Plates were sterilised via gamma irradiation prior to 
inoculation. 
 
Figure 60: Multiwell plate template of nitrogen and glycerol screens on C. protothecoides and S. dimorphus. 
 
Growth curves were analysed to identify the nitrogen and glycerol conditions in which the 
maximum specific growth rate (µmax) and maximum biomass (signified by OD750-max) occurred. The 
µmax was calculated as ln
∆𝑂𝐷750
∆𝑡
 and occurred approximately during exponential phase of growth. 
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As these two measurements occurred at different time points in the growth phase and represent 
different phenomena, consideration was given to the two nitrogen and glycerol conditions which 
yielded µmax and OD750-max respectively. 
A secondary screen was then employed using the nitrogen and glycerol concentrations (NH4Cl 
[12.6 mM], glycerol [102 mM]) determined in the first screen. This secondary screen examined the 
effects of varying four minor nutrients; CaCl2.2H2O [0.17 mM], MgSO4.7H2O [0.3 mM], phosphate 
(KH2PO4 and K2HPO4 [1.25 mM + 0.42 mM = 1.67 mM]) and FeSO4.7H2O [18 µM], which were 
varied according to the media combinations in Table 11 and Table 12. 
Each combination of nutrients were dispensed into individual wells (Figure 61) and sterilised via 
gamma irradiation prior to inoculation with algae. The media combinations and their concentrations 
are outlined in Appendix 4.7 Screen 2 media combinations for S. dimorphus (See Table 11 and 
Table 12) 
 
Figure 61: C. protothecoides and S. dimorphus multiwell plate template for secondary nutrient screening. 
 
4.2.3 Detection of 14C-glycerol in C. protothecoides 
As a result of nutrient assays described above, optimised nutrient media were formulated and 
further validated (See 2.3.1 Nutrient optimisation for photoautotrophic growth); for C. 
protothecoides, this final growth medium consisted of: NH4Cl [30 mM], KH2PO4 [2 mM], 
CaCl2.2H2O [0.85 mM], MgSO4.7H2O [1.5 mM], H3BO3 [0.092 mM], CuSO4.5H2O [0.0032], 
FeSO4.7H2O [0.001 mM], MnCl2.4H2O [0.0258 mM], VOSO4 [0.000018 mM], Na2O3Se [0.0002 
mM], Na2O3Si [0.273 mM], ZnSO4.7H2O [0.077 mM], Na2MoO4.2H2O [0.00089 mM], 
CoCl2.6H2O [0.0067 mM], Na2EDTA.2H2O [0.5373 mM], tris-buffer [100 mM], thiamine HCl 
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[0.052 mM], and cyanocobalamin [0.0001 mM]; and was used for the [14C]-glycerol tracer assays. 
Cultures were cultivated photoautotrophically and not acclimated to glycerol. 
A glycerol master stock (1:2.45 ratio) of [14C]-glycerol (0.1mCi/mL) (Perkin Elmer) to glycerol was 
further mixed at 1:58 ratio of glycerol master stock:purified water (18.2 MΩ cm at 25 °C). This 
equates to 2.17 mg of glycerol per flask (125 mL culture) or 0.188 mM final concentration, which is 
1.85 kBq (111,000 dpm, disintegrations per minute). Whilst the nutrient screens indicated that 
cultures were able to grow in glycerol concentrations ranging from 7.5 – 102 mM, the level of 14C 
used is also important and as the primary aim of the experiment was to detect incorporation rather 
than to maximise the growth rate, a lower concentration was added to maximise the sensitivity of 
uptake. 
Four conical 250 mL bioreactor flasks were inoculated (final volume 125 mL culture) and grown 
photoautotrophically at 100 rpm under 100 µE m-2 s-1 continuous light for 3 days to exponential 
growth phase, prior to addition of 100 µL of the [14C]-glycerol stock each. Replicate flasks were set 
up using four conditions: 
1) Sealed headspace under 100 µE m-2 s-1 light conditions, with [14C]-CO2 in the headspace being 
trapped at the end of the experiment (Light Post-trap) 
2) Vented bioreactor flasks under 100 µE m-2 s-1 grown with dual in series saturated calcium 
hydroxide trap solutions with 74.093 mg Ca(OH)2 per mL H2O to passively capture CO2 (Light Pre-
trap) 
3) Sealed headspace cultivated in darkness, with [14C]-CO2 in the headspace being trapped at the 
end of the experiment (Dark Post-trap) 
4) Internal standard control flask; cultivated in parallel under sealed light conditions and only 
administered with [14C]-glycerol immediately prior to harvesting. 
After 5 days of growth the headspace in the post-trap flasks was purged using air through dual 1 M 
Ca(OH)2 traps before harvesting. The cultures were centrifuged at 500 x g for 10 minutes. The 
supernatant was stored at 4ºC and the biomass pellet was twice washed with unlabelled 
photoautotrophic media and frozen at -80ºC in a total volume of 100 µL of media. 
The beta emission from Ca(OH)2 traps, supernatant and biomass samples were analysed by liquid 
scintillation counting. Samples were mixed at a 2:3 ratio with Optiphase Supermix (Perkin Elmer) 
to a final volume 180 µL and analysed with a Perkin Elmer Microbeta 1450 Trilux microplate 
scintillation and luminescence counter running Microbeta Windows Workstation. Each sample was 
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read for 10 minutes. Prior to scintillation counting, biomass samples were diluted 30-fold to a final 
volume of 60 µL by mixing with purified water (i.e. 2 µL biomass + 58 µL water) (Figure 64). A 
further 16-fold serial dilution on the biomass pellets were additionally performed to observe for 
fluorescence quenching (Figure 65). 
 
4.3 Results 
4.3.1 Nitrogen and glycerol nutrient screens for S. dimorphus 
Comparisons of the maximum specific growth rate identified NH4NO3 [4 mM] and glycerol [17 
mM] as the optimum combination with a µmax of 0.107 OD750 h
-1 observed between 30 – 33 h after 
inoculation. The OD750-max values identified NH4Cl [13 mM] and glycerol [102 mM] as optimum 
concentrations for biomass. An OD750-max of 0.431 was observed 48 h after inoculation. Multiwell 
plates were also assessed visually to observe trends and verify numerical data by excluding false 
positive increases in OD750 due to cell clumping (See Figure 62). Upon inspection it was clear that 
the nitrogen compound and its concentration had a significant effect in improving culture growth. 
The data indicated that compounds containing ammonium ions were preferentially utilised as the 
nitrate based sources did not grow as well. Note that the initial drop in raw OD750 data during the 
first 30 h can be attributed to aggregation that occurred during inoculation. The curve-fits are 
utilised to maintain consistency in comparisons of microalgal strains across different media 
formulations. 
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Figure 62: Visual analysis of S. dimorphus cultures in ‘Screen 1’ (left) and the improved growth curves of optimised 
glycerol over the respective photoautotrophic controls. Growth rate (top right) and total biomass (bottom right). The 
level of growth is comparable to that of TAP cultures. 
 
‘Screen 2’ analysis observed the main effects of the secondary nutrients (calcium, magnesium, 
phosphate and iron) on photo/heterotrophic growth. Main effect plots were generated based on the 
Screen 1 media formulations for µmax (NH4NO3 [4 mM] and glycerol [17 mM]) and OD750-max 
(NH4Cl [13 mM] and glycerol [102 mM]) values (See Figure 63). It was observed that increased 
calcium concentrations improved the growth rate in both media. Basal concentrations of magnesium 
were observed to be adequate in NH4NO3 grown cultures, but were found to produce a slight 
improvement in biomass growth when increased in NH4Cl cultures. Phosphate was observed to be 
replete at basal concentrations in either medium. Basal concentrations of iron were observed to be 
in excess. Reduced concentrations of iron were found to be beneficial for improved growth rate and 
biomass growth of S. dimorphus in both NH4NO3 and NH4Cl grown cultures. By combining these 
results, an optimal media that addresses the nutritional requirements for improved growth rate can 
be formulated. 
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Figure 63: Visual analysis of multiwell plates and Screen 2 growth rate main effects plot of S. dimorphus for NH4NO3 
(top) and NH4Cl (bottom) based media. 
 
These results formed the foundations for the photoautotrophic nutrient screens (Radzun et al., 
2014). By utilising photoheterotrophic modes of growth in the early stages of development, the 
culture growth cycles were shortened due to lack of automation and the absence of a CO2 controlled 
atmosphere. 
 
4.3.2 [14C]-glycerol detection in C. protothecoides 
With liquid scintillation counting, it was shown that beta activity emitted from [14C]-glycerol was 
incorporated by microalgae, primarily into the biomass (Figure 64). A total of 111,000 dpm of 14C 
was available within each culture with counting efficiency of approximately 80.7% based on the 
known activity of the internal standard of the supernatant. By subtracting the known activity, a 
theoretical estimate of the level of biomass can be calculated. Whilst no significant difference in the 
level of incorporation into the biomass of the light and dark post-trap grown cultures was 
observable, a small level of activity (<150 dpm) was detected in the Ca(OH)2 traps of the dark 
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grown cultures. This suggests that a very low level of cellular respiration may be occurring with the 
evolution of 14CO2, but could also include potential aerosolisation of the medium, which was 
collected due to purging. It may be possible that the high alkalinity of the calcium hydroxide traps 
may affect the scintillant by quenching the activity emitted. Residual beta activity was also detected 
in the supernatant, which indicates that not all the available glycerol was incorporated despite the 
low concentrations added. Considering that the radiolabelled glycerol stocks were formulated at 
1:2.45 dilutions the total level of glycerol (labelled and unlabelled) incorporation is actually higher 
than what is measurable. 
 
Figure 64: Beta activity of microalgal samples. Total disintegrations from culture supernatant, biomass and Ca(OH)2 
traps due to incorporated [14C]-glycerol. Error bars are standard error of the mean (SEM; n = 2). 
 
Additional counts were performed on the biomass samples with a 16-fold dilution series which 
suggests that quenching of the scintillant was occurring most probably due to chlorophyll (Figure 
65) (Pinckney et al., 1996). Whilst there was some inconsistency observed with respect to the 
dilution, the data suggests that an accurate quantification of incorporation into biomass will require 
either solvent extraction of the chlorophyll or a treatment (such as oxidation with nitric acid 
followed by neutralisation) to destroy it. In the case of solvent extraction, it is likely that some 
activity will be extracted with the chlorophyll, representing 14C incorporation into non-polar 
metabolites such as lipids. 
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Figure 65: Beta counts per minute of diluted biomass samples from incorporated [14C]-glycerol. The 2- and 4- fold 
dilution of the biomass resulted in a significant increase in beta activity over the undiluted sample. This suggests 
quenching of scintillant, likely due to chlorohyll. Error bars are standard error of the mean (SEM; n = 2).  
 
4.4 Discussion 
The initial photoheterotrophic microwell plate trials allowed the refinement of screening 
methodology in developing the nutrient screens, which was later developed into a fully robotic 
system (Radzun et al., 2014). A number of commercially available strains were assayed using four 
different nitrogen compounds, four different carbon sources and four minor nutrients. In doing so it 
was observed that the two strains S. dimorphus and C. protothecoides showed improved growth 
using glycerol as a substrate. A literature search on C. protothecoides has found that heterotrophic 
growth on glycerol is often supplemented with confounding substrates such as glucose, glycine and 
yeast extract (Table 7) (Chen and Walker, 2011, O'Grady and Morgan, 2011, Cerón-García et al., 
2013). The ability to recycle waste glycerol from the biodiesel industry for the cultivation of 
microalgae presents interesting opportunities to improve productivity. 
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Table 7: Confounding heterotrophic carbon substrates in C. protothecoides literature 
Microalgae species or 
strain 
(mode of growth) 
Confounding substrate(s) Reference 
Chlorella protothecoides 
(heterotrophic, dark) 
30 g/L glucose, pure glycerol or crude 
glycerol 
with 4 g/L yeast extract 
(Chen and Walker, 
2011) 
Chlorella protothecoides 
(heterotrophic) 
30g/L of either glucose, glucose:glycerol 
(9:1), pure glycerol or crude glycerol 
with 0.1 g/L glycine, 1.25 or 4 g/L yeast 
extract  
(O'Grady and 
Morgan, 2011) 
Chlorella protothecoides 
(mixotrophic, light, CO2 
injection) 
10 g/L glycerol 
with 4 g/L yeast extract and 0.1 g/L glycine 
(Cerón-García et al., 
2013) 
 
Although the optimised media formulations contain 100 mM of tris-HCl as a buffer which has been 
anecdotally reported to be a poor source of nitrogen, there has been no evidence to suggest that 
marine microorganisms are able to utilise tris buffer as a carbon and energy source (Dworkin and 
Falkow, 2006). Nevertheless [14C] radiolabelling has verified incorporation of glycerol into the C. 
protothecoides cell biomass and found that very low amounts of 14CO2 were released from the 
cultures cultivated in the dark. 
As cultures were air tight to prevent unintentional 14CO2 release, some assumptions were made for 
these trials since O2 and CO2 consumption and production levels were not monitored. In the 
available headspace of the post-trap bioreactor flasks (~125 mL) approximately 0.049 mL of CO2 
(based on an atmospheric volume of 0.04% CO2) is present (Moroney and Somanchi, 1999). Under 
standard atmospheric temperature and pressure, this equates to 26.25 µg of assimilable inorganic 
carbon over the course of the 5 day trial. Assuming that algal biomass is ~50% carbon, the 
maximum theoretical biomass able to be produced from CO2 fixation is ~52.5 µg. Although it was 
not possible to actively measure OD750 due to the radioactive nature of the material, the level of 
CO2 carbon available is only able to contribute a minimal amount to the level of growth visually 
observed. This reaffirms that glycerol contributed a significant portion of exogenous carbon for 
incorporation into the biomass. The low amount of CO2 available in the headspace of both the light 
and dark post-trap cultures indicates that the cultures were skewed towards a heterotrophic mode of 
growth. With 21% of atmospheric O2 available, the cultures are also able to remain aerobic 
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(Moroney and Somanchi, 1999). In the dark cultures, the lack of available light energy forces the 
culture to perform aerobic cellular respiration, which should encourage carbon assimilation. In 
future, further trials including a supplemented CO2 atmosphere and various combinations of 
light/dark growth regimes may be further tested. It would also be interesting to induce anaerobiosis 
by purging the headspace (e.g. with nitrogen) and compare the level of uptake and fates of [14C]-
glycerol. Furthermore, there is also an opportunity to induce hyperosmotic shock in cultures (even 
in non Dunaliella strains) to see if glycerol uptake can be encouraged. 
The assimilation of glycerol into microalgal cells is commonly thought to be through passive 
diffusion (Neilson and Lewin, 1974). However, a recent study by Lin et al. (2013) has reported on a 
homolog of the GUP1 (glycerol uptake) gene in Dunaliella tertiolecta which in yeast (i.e. 
Saccharomyces cerevisiae) encodes the multi-membrane protein responsible for the proton symport 
of glycerol (Holst et al., 2000, Lucas et al., 1990, Bleve et al., 2005, Lin et al., 2013). The D. 
tertiolecta GUP1 (dubbed DtGUP1) was found to be induced by hyperosmotic shock to import 
exogenous glycerol as a rapid response mechanism to high salt conditions. DtGUP1 was found to 
share 40% homology with GUP1 found in S. cerevisiae and 50% identity with a membrane-bound 
O-acyltransferases family protein in C. reinhardtii. Whilst it is uncertain whether or not the 
assimilated glycerol is metabolically active within carbon metabolism, the authors do state that 
glycerol can be released back into the medium (Lin et al., 2013). 
It is not known whether C. protothecoides expresses a similar gene or even if it is active under non-
saline conditions. Nevertheless, these results clearly show that glycerol is being assimilated into the 
cell (whether through diffusion or actively imported). Though the entire fate of assimilated glycerol 
within C. protothecoides is yet unknown, the failure to detect significant levels of 14CO2 even in the 
dark cultures suggests that, in the absence of light dependent reactions of photosynthesis, some 
glycerol is being metabolised (whether directly or indirectly) for the generation of ATP by aerobic 
oxidation to CO2. It indicates that respiration is not the dominant use for the assimilated glycerol. 
However, further experiments would be required to confirm that these low levels are not simply the 
result of quenching.  
Oxidation of glycerol to CO2 is likely to occur via the TCA cycle and part of the [
14C] may also be 
used to synthesise precursors for certain amino acids from this process (Knox et al., 2001, Campbell 
and Reece, 2002). The level of uptake is too large to be explained by a soluble, but unincorporated 
pool of glycerol within the cytoplasm, so it seems clear that incorporation into the biomass has 
occurred. That the light cultures did not notably evolve 14CO2 suggests that the path of glycerol 
incorporation can be manipulated by altering the cell’s metabolic state (i.e. dark or light). This 
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indicated that the light dependent reactions of photosynthesis were able to continue producing 
energy, CO2 fixation was likely to be ongoing, and that incorporated carbon from glycerol was 
potentially used to synthesise compounds not directly involved with cellular respiration (i.e. amino 
acid synthesis). In both instances, it is uncertain about the level of CO2 fixed in the presence of 
glycerol. In future this can be tested with radiolabelled bicarbonate and normal glycerol. Although 
beta emissions were detected from the biomass samples, fluorescence quenching, probably by 
chlorophyll means that the observed levels of incorporation are probably underestimates. 
Approximate calculations assuming 80.7% counting efficiency (although likely to be lower) 
suggests that based on the theoretical activity and the measured activity, that up to ~52% of the beta 
emission may be quenched. In future, extraction and/or oxidation may reduce this quenching. 
The tracer method described here could also be utilised in pulse-chase experiments to identify the 
time-course of incorporation in three major components of the biomass; protein, lipid and 
carbohydrates. The lipids would be solvent extracted (e.g. with chloroform:methanol) and separated 
using thin layer chromatography (TLC) to track the extent of glycerol incorporation. Proteins can be 
analysed by trichloroacetic acid (TCA) precipitation and starch by examining the extent of release 
following amylase digestion. Such experiments would require a time-course of incorporation and 
pulse-chase to trace the movement of 14C throughout metabolism. 
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Concluding remarks 
Whilst most renewable energy sources address the global electricity demands, the requirement for 
liquid fuels is far greater (~67%) and are intensively being developed (U.S. Department of Energy, 
2008, Schenk et al., 2008, International Energy Agency, 2007, Patil et al., 2008). Whilst biodiesel 
and bioethanol have the potential to fulfil this demand, current production is limited by feedstock 
(Chisti, 2007). The widespread use of petroleum fuels, the current state of technology and 
infrastructure means that oil based biofuels are nearest to the market in terms of transition to 
renewable energy. 
Biodiesel from microalgae and non-food crops, and biocrude from the hydrothermal liquefaction 
(HTL) of waste biomass and wet microalgal biomass are two approaches that have been gaining 
traction and suitably address feedstock sustainability. With microalgae as a feedstock they have 
been reported to potentially be economically viable (Stephens et al., 2010), and energy positive 
processes (Patil et al., 2008). The biocrude from HTL is comparable to fossil crude oil and is thus 
more versatile as it may be refined into other types of fuels (such as jet fuels, petrol and diesel); 
whereas biodiesel may be used as a direct replacement or a blend. That HTL is able to 
thermochemically convert the entire cell biomass makes it much more energetically efficient than 
microalgal biodiesel production, which is solely dependent high lipid productivity (biomass and 
lipid). 
However, the influence of microalgal cell composition in particular high lipid producing strains 
(which are lower in carbohydrates and proteins) can also be beneficial for HTL. High carbohydrate 
and protein content creates additional steps in refinement to achieve a pure hydrocarbon biocrude, 
such as the use of a catalyst to process carbohydrates (Biller and Ross, 2011) and fragmentation to 
remove heteroatoms such as N and O from proteins (Barreiro et al., 2013). Barreiro et al. (2013) has 
reviewed the literature and found that the yield and quality (in terms of N content) of the biocrude 
can vary quite significantly which suggest that cellular composition of different microalgal strains 
has a large degree of influence. 
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Table 8: HTL biocrude yield and nitrogen content from various microalgal feedstocks (Barreiro et al., 2013). 
 
 
The approaches taken in this project looked into enhancements at the cellular level, which can have 
compounding benefits, down the process pipeline for microalgal biofuels. Through optimising the 
nutritional requirements for microalgal strains, photoautotrophic biomass yield could be increased 
up to 140% as well as improved cellular replication during exponential growth. The test for 
chemical inhibitors and the screening of untested species showed that although cell division was 
inhibited in many cultures, increased lipid metabolism was not always induced (Table 9); and that 
the morphological responses of strains also varied. Of the locally tested strains S. acuminatus UQ 
ISO 7 has shown to be an apt lipid producer responsive to inhibition with both NaOx and conazole 
fungicides. In addition, the incorporation of [14C]-glycerol into the biomass under 
photo/heterotrophic conditions was affirmed in C. protothecoides with improved biomass growth of 
up to 160% recorded in S. dimorphus (compared with basal photoautotrophic growth). The ability to 
recycle waste carbon streams such as glycerol from the biodiesel industry presents opportunities to 
improve both biomass and lipid productivities for biofuels. 
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Table 9: Summary of inhibitor effects on tested microalgal strains 
Strain NaOx Conazoles 
C. protothecoides - Increased lipids Decreased biomass - 
S. acuminatus UQ ISO 7 Inhibit cell division Increased lipids Decreased biomass Increased lipids 
Strain 20_1 Inhibit cell division Increased lipids Decreased biomass - 
K. obesa 4A_2 
Decreased biomass 
Inhibit cell division 
Increased lipids - - 
M. convolutum 9 (FW) 
Decreased biomass 
Inhibit cell division 
Increased lipids Decreased biomass - 
Strain BL ISO 17 Inhibit cell division Decreased lipids Decreased biomass - 
C. sorokiniana GWW - Increased lipids? Increased biomass - 
C. reinhardtii 137c - Decreased lipids Decreased biomass - 
Strain 23 
Decreased biomass 
Inhibit cell division 
Decreased lipids Decreased biomass - 
Strain GR ISO 1 Increased cell division Decreased lipids - - 
S. dimorphus N/A N/A Decreased biomass Increased lipids 
D. tertiolecta N/A N/A Decreased biomass - 
 
This series of experiments (along many others within the lab) exists in a project pipeline, which lays 
the foundations in translating laboratory scale research for the newly constructed pilot plant, the 
Solar Biofuels Research Centre (http://www.solarbiofuels.org/sbrc/). The approach with locally 
collected strains alleviates issues surrounding biosecurity and quarantine, particularly in large open 
pond systems. The use of inhibitors to manipulate metabolism for lipid production also presents an 
alternate strategy to nutrient depletion or genetic modification and has benefits in being able to 
maintain biomass productivity. A great deal of time has been spent on method development and 
assessing the physiological responses of locally collected strains as lipid producers. The applied 
approach taken to test various inhibitory compounds on a range of microalgal strains (some of 
which have yet to be identified) subsequently probes the genetic diversity present in our local 
waterways. As much of the literature is focused on known lipid producers, these results have shown 
that there is potential in inducing lipid production in fast growing strains, which may not inherently 
accumulate lipids under normal growth conditions. 
Adaptive strains such as Dunaliella sp., Chlorella protothecoides and Botryococcus braunii all have 
unique abilities, which may have come about through successive adaptive evolution. The metabolic 
adaptability of microalgal strains is only limited by their genetic potential and geared towards 
survival strategies under stress conditions. By screening microalgal strains and applying stressors 
such as inhibitors one can begin to probe these limitations and trigger such mechanisms to induce 
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lipid production. Understanding microalgal physiology and the signalling pathways involved with 
their adaptive responses to carbon metabolism (both in storage and assimilation) can potentially 
reveal new enzymes that may be useful for genetic enhancement of the genes which encode these 
proteins. The ability to regulate certain pathways or cellular processes not only enhances academic 
interest into the unique survival mechanisms of microalgae, but also has biotechnological 
applications leading to improved culture growth, lipid production, and HVP production. 
Whilst ongoing screening should continue to find lipid producing strains, those such as S. 
acuminatus UQ ISO 7 which have been identified to respond well to NaOx and conazole fungicides 
should be further developed to improve growth through the optimisation of light intensity, 
light/dark cycles, CO2 concentrations, temperature, etc. Inhibitor dosage strategies should also be 
optimised to maximise lipid productivity. Following this, bioreactor flask trials would allow for 
larger volumes to be cultivated to identify the actual inhibitory process through metabolomic 
studies. Not only would this provide an opportunity for lipid extraction and subsequent analysis of 
its composition, it would also provide information about scale up economics of inhibitors at large 
scale. Incorporated glycerol can be further analysed through the extraction of end products such as 
carbohydrates, lipids and proteins. Mechanistic analysis of glycerol uptake should also be verified 
in the current strains, whether assimilation is through passive diffusion or active transport. 
Subsequently, uptake in different strains should also be attempted, as well as the testing of other 
growth regimes such as anaerobiosis, hyperosmotic shock and heterotrophic growth. Crude glycerol 
from the biodiesel industry should also be analysed, to investigate the contaminants present (e.g. 
soaps, ash, methanol, etc.) and how they might affect microalgal growth and uptake, or if further 
refinement is required. 
Finally, whilst there is potential for these outlined strategies to contribute to large scale cultivation 
of microalgae for biofuels for either biodiesel production or HTL, the economics of the added costs 
to improved biofuel yield would also need study. 
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Appendices 
4.1 Screen 1 nitrogen and phosphate 
 
Figure 66: Visual analysis of Screen 1 multiwell plates. Densities of the multiwells help verify the calculated data in determining the optimal combination of nitrogen and phosphate.  
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4.2 Secondary macro- and micronutrient media combinations 
Table 10: Screen 2 nutrients that are varied at 0.5x, 1x and 2x the basal concentrations (represented by -1, 0 and 1). 
Media number Ca Mg B Fe Cu Mn Zn Se V Si 
1 0 0 1 0 1 0 -1 0 -1 0 
2 0 -1 -1 0 0 0 1 1 0 0 
3 -1 0 0 0 0 0 0 -1 -1 -1 
4 0 0 1 -1 -1 0 0 0 0 -1 
5 1 0 -1 0 0 -1 0 0 1 0 
6 -1 0 0 -1 0 0 1 1 0 0 
7 0 -1 0 -1 0 1 0 0 -1 0 
8 0 -1 0 0 0 1 -1 0 0 1 
9 0 -1 0 0 0 -1 1 0 0 -1 
10 1 1 0 0 1 0 0 0 0 1 
11 1 0 0 1 0 0 1 -1 0 0 
12 0 0 0 -1 -1 -1 0 1 0 0 
13 0 0 0 1 -1 -1 0 -1 0 0 
14 0 0 0 1 1 -1 0 1 0 0 
15 CP 0 0 0 0 0 0 0 0 0 0 
16 -1 0 -1 0 0 -1 0 0 1 0 
17 0 -1 1 0 0 0 -1 -1 0 0 
18 0 1 1 0 0 0 1 1 0 0 
19 0 0 0 1 1 -1 0 -1 0 0 
20 -1 0 0 1 0 0 1 -1 0 0 
21 0 0 -1 0 1 0 -1 0 -1 0 
22 0 -1 0 0 0 1 -1 0 0 -1 
23 0 0 -1 0 1 0 1 0 -1 0 
24 -1 0 0 1 0 0 -1 -1 0 0 
25 0 0 1 0 -1 0 -1 0 1 0 
26 -1 0 0 0 0 0 0 -1 -1 1 
27 0 0 1 0 1 0 1 0 1 0 
28 0 0 -1 1 -1 0 0 0 0 -1 
29 0 1 0 1 0 1 0 0 1 0 
30 0 0 1 -1 -1 0 0 0 0 1 
31 0 0 1 -1 1 0 0 0 0 -1 
32 -1 -1 0 0 1 0 0 0 0 -1 
33 -1 0 0 0 0 0 0 -1 1 1 
34 0 -1 1 0 0 0 1 -1 0 0 
35 0 -1 -1 0 0 0 -1 1 0 0 
36 CP 0 0 0 0 0 0 0 0 0 0 
37 0 -1 -1 0 0 0 -1 -1 0 0 
38 -1 0 -1 0 0 1 0 0 1 0 
39 1 0 0 -1 0 0 -1 -1 0 0 
40 0 0 -1 0 -1 0 1 0 -1 0 
41 -1 0 -1 0 0 1 0 0 -1 0 
42 0 0 -1 1 1 0 0 0 0 -1 
43 0 1 -1 0 0 0 1 1 0 0 
44 1 0 1 0 0 1 0 0 1 0 
45 1 0 0 0 0 0 0 -1 1 -1 
46 -1 0 0 -1 0 0 1 -1 0 0 
47 0 0 0 -1 1 1 0 1 0 0 
48 0 -1 0 1 0 -1 0 0 1 0 
49 0 0 1 0 1 0 1 0 -1 0 
50 CP 0 0 0 0 0 0 0 0 0 0 
51 CP 0 0 0 0 0 0 0 0 0 0 
52 -1 1 0 0 -1 0 0 0 0 -1 
53 CP 0 0 0 0 0 0 0 0 0 0 
54 0 0 -1 0 -1 0 1 0 1 0 
55 0 1 0 0 0 -1 1 0 0 1 
56 0 1 0 0 0 -1 -1 0 0 1 
57 0 0 -1 -1 1 0 0 0 0 -1 
58 0 1 0 -1 0 -1 0 0 -1 0 
59 0 1 0 1 0 -1 0 0 -1 0 
60 -1 0 0 0 0 0 0 1 -1 1 
61 -1 0 0 0 0 0 0 1 1 -1 
62 0 -1 0 1 0 1 0 0 1 0 
63 0 -1 0 -1 0 1 0 0 1 0 
64 0 1 1 0 0 0 1 -1 0 0 
65 CP 0 0 0 0 0 0 0 0 0 0 
66 0 1 -1 0 0 0 -1 1 0 0 
67 -1 1 0 0 1 0 0 0 0 1 
68 CP 0 0 0 0 0 0 0 0 0 0 
69 1 -1 0 0 -1 0 0 0 0 -1 
70 0 0 0 -1 -1 1 0 1 0 0 
71 CP 0 0 0 0 0 0 0 0 0 0 
72 1 0 0 -1 0 0 -1 1 0 0 
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73 0 0 1 0 -1 0 1 0 -1 0 
74 CP 0 0 0 0 0 0 0 0 0 0 
75 1 0 0 0 0 0 0 -1 -1 -1 
76 0 0 1 1 -1 0 0 0 0 -1 
77 0 -1 0 0 0 -1 -1 0 0 -1 
78 -1 0 0 1 0 0 1 1 0 0 
79 1 0 0 1 0 0 1 1 0 0 
80 0 0 0 1 -1 -1 0 1 0 0 
81 1 1 0 0 -1 0 0 0 0 1 
82 0 0 0 -1 -1 1 0 -1 0 0 
83 0 1 0 1 0 1 0 0 -1 0 
84 0 -1 1 0 0 0 1 1 0 0 
85 CP 0 0 0 0 0 0 0 0 0 0 
86 0 0 0 -1 1 -1 0 -1 0 0 
87 -1 0 0 0 0 0 0 -1 1 -1 
88 1 0 0 0 0 0 0 1 1 1 
89 1 -1 0 0 1 0 0 0 0 -1 
90 1 0 0 0 0 0 0 1 -1 1 
91 0 0 0 1 -1 1 0 -1 0 0 
92 0 1 0 0 0 -1 -1 0 0 -1 
93 0 1 -1 0 0 0 -1 -1 0 0 
94 -1 0 1 0 0 -1 0 0 -1 0 
95 0 1 0 -1 0 1 0 0 -1 0 
96 1 0 1 0 0 -1 0 0 -1 0 
97 0 -1 0 0 0 1 1 0 0 -1 
98 -1 -1 0 0 -1 0 0 0 0 1 
99 0 0 1 1 1 0 0 0 0 -1 
100 -1 0 -1 0 0 -1 0 0 -1 0 
101 0 1 1 0 0 0 -1 1 0 0 
102 1 0 0 -1 0 0 1 -1 0 0 
103 0 1 0 0 0 1 -1 0 0 1 
104 0 0 -1 0 -1 0 -1 0 1 0 
105 1 0 0 0 0 0 0 -1 1 1 
106 1 0 0 1 0 0 -1 1 0 0 
107 CP 0 0 0 0 0 0 0 0 0 0 
108 0 0 -1 0 -1 0 -1 0 -1 0 
109 -1 -1 0 0 1 0 0 0 0 1 
110 0 -1 -1 0 0 0 1 -1 0 0 
111 1 0 -1 0 0 1 0 0 1 0 
112 1 0 0 0 0 0 0 1 1 -1 
113 1 1 0 0 -1 0 0 0 0 -1 
114 1 0 0 1 0 0 -1 -1 0 0 
115 -1 0 0 1 0 0 -1 1 0 0 
116 -1 0 1 0 0 -1 0 0 1 0 
117 -1 0 1 0 0 1 0 0 1 0 
118 0 1 0 -1 0 1 0 0 1 0 
119 0 0 -1 -1 1 0 0 0 0 1 
120 0 1 0 0 0 1 1 0 0 -1 
121 0 0 0 1 1 1 0 -1 0 0 
122 0 0 0 -1 1 -1 0 1 0 0 
123 CP 0 0 0 0 0 0 0 0 0 0 
124 -1 0 1 0 0 1 0 0 -1 0 
125 0 -1 1 0 0 0 -1 1 0 0 
126 1 0 0 0 0 0 0 1 -1 -1 
127 0 0 -1 0 1 0 -1 0 1 0 
128 0 0 -1 0 1 0 1 0 1 0 
129 CP 0 0 0 0 0 0 0 0 0 0 
130 0 0 0 -1 1 1 0 -1 0 0 
131 1 -1 0 0 -1 0 0 0 0 1 
132 0 0 1 0 -1 0 1 0 1 0 
133 0 0 0 1 1 1 0 1 0 0 
134 1 0 1 0 0 -1 0 0 1 0 
135 -1 0 0 0 0 0 0 1 -1 -1 
136 -1 1 0 0 -1 0 0 0 0 1 
137 CP 0 0 0 0 0 0 0 0 0 0 
138 0 -1 0 0 0 1 1 0 0 1 
139 CP 0 0 0 0 0 0 0 0 0 0 
140 1 0 0 -1 0 0 1 1 0 0 
141 0 -1 0 1 0 1 0 0 -1 0 
142 1 0 1 0 0 1 0 0 -1 0 
143 0 1 1 0 0 0 -1 -1 0 0 
144 0 -1 0 0 0 -1 1 0 0 1 
145 1 -1 0 0 1 0 0 0 0 1 
146 -1 1 0 0 1 0 0 0 0 -1 
147 0 0 1 0 1 0 -1 0 1 0 
148 0 1 0 1 0 -1 0 0 1 0 
149 CP 0 0 0 0 0 0 0 0 0 0 
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150 0 0 1 1 1 0 0 0 0 1 
151 -1 -1 0 0 -1 0 0 0 0 -1 
152 -1 0 0 -1 0 0 -1 1 0 0 
153 0 0 0 1 -1 1 0 1 0 0 
154 CP 0 0 0 0 0 0 0 0 0 0 
155 1 1 0 0 1 0 0 0 0 -1 
156 CP 0 0 0 0 0 0 0 0 0 0 
157 0 1 0 0 0 1 -1 0 0 -1 
158 0 0 1 -1 1 0 0 0 0 1 
159 0 -1 0 1 0 -1 0 0 -1 0 
160 0 0 -1 -1 -1 0 0 0 0 -1 
161 0 0 0 -1 -1 -1 0 -1 0 0 
162 0 -1 0 -1 0 -1 0 0 1 0 
163 0 -1 0 -1 0 -1 0 0 -1 0 
164 0 0 -1 -1 -1 0 0 0 0 1 
165 0 0 -1 1 -1 0 0 0 0 1 
166 -1 0 0 -1 0 0 -1 -1 0 0 
167 0 1 0 0 0 -1 1 0 0 -1 
168 0 1 0 0 0 1 1 0 0 1 
169 0 0 1 0 -1 0 -1 0 -1 0 
170 -1 0 0 0 0 0 0 1 1 1 
171 0 -1 0 0 0 -1 -1 0 0 1 
172 1 0 0 0 0 0 0 -1 -1 1 
173 CP 0 0 0 0 0 0 0 0 0 0 
174 0 1 0 -1 0 -1 0 0 1 0 
175 0 0 1 1 -1 0 0 0 0 1 
176 0 0 -1 1 1 0 0 0 0 1 
177 1 0 -1 0 0 1 0 0 -1 0 
178 1 0 -1 0 0 -1 0 0 -1 0 
179 0 1 -1 0 0 0 1 -1 0 0 
180 CP 0 0 0 0 0 0 0 0 0 0 
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4.3 Dose-response of sodium oxamate 
 
Figure 67: Analysis of dose-response cultures treated with semi-logarithmic concentrations of NaOx. Visually, NaOx treatments appeared to have a negative effect on culture growth 
as some strains were notably brown in colour (stress) or were aggregating. No distinct trend was observed across increasing concentrations (left to right). Images taken at 72 h. 
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4.3.1 Chlorella protothecoides 
 
Figure 68: Colour scaled growth rate dataset for strain C. protothecoides (µmax, highlighted pink) with increased concentrations of NaOx. 
4.3.2 Scenedesmus acuminatus UQ ISO 7 
 
 
Figure 69: Colour scaled growth rate dataset for S. acuminatus UQ ISO 7 (µmax, highlighted pink) showed an early onset of exponential growth with NaOx treatment. 
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4.3.3 Strain 20_1 
 
Figure 70: Colour scaled growth rate dataset for strain 20_1 (µmax, highlighted pink) with increased concentrations of NaOx. 
 
4.3.4 Kirchneriella obesa 4A_2 
 
Figure 71: Colour scaled growth rate dataset for K. obesa 4A_2 (µmax, highlighted pink) with increased concentrations of NaOx. As concentrations increased ≥3 mM, the timing of 
µmax progressively occurs earlier. 
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4.3.5 Monoraphidium convolutum 9 (FW) 
 
Figure 72: Colour scaled growth rate dataset for M. convolutum 9 (FW) (µmax, highlighted pink) with increased concentrations of NaOx. 
 
4.3.6 Chlamydomonas reinhardtii 137c 
 
Figure 73: Colour scaled growth rate dataset for strain C. reinhardtii 137c (µmax, highlighted pink) with increased concentrations of NaOx. 
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4.3.7 Strain 23 
 
Figure 74: Colour scaled growth rate dataset for strain 23 (µmax, highlighted pink) with increased concentrations of NaOx. Note the untransformed F and G datasets are intentionally 
blank. 
 
4.3.8 Strain GR ISO 1 
 
Figure 75: Colour scaled growth rate dataset for strain GR ISO 1 (µmax, highlighted pink) with increased concentrations of NaOx. 
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4.3.9 Strain BL ISO 17 
 
Figure 76: Colour scaled growth rate dataset for strain BL ISO 17 (µmax, highlighted pink) with increased concentrations of NaOx. 
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4.4 Module 3: SSC-W analysis 
4.4.1 Chlorella protothecoides 
   
Figure 77: Triplicate flow cytometry data series (A, B and C) with SSC-W of bisected NR fluorescing C. protothecoides cells treated with increasing concentrations of NaOx. B_670LP-A vs. FSC-A contour plots (left), gated B_585/42-A histograms (middle left), 
B_585/42-A vs. SSC-W contour plots (middle right) and SSC-W histograms (right). 
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4.4.2 Scenedesmus acuminatus UQ ISO 7 
   
Figure 78: Triplicate flow cytometry data series (F, G and H) with SSC-W of bisected NR fluorescing UQ ISO 7 cells treated with increasing concentrations of sodium oxamate. B_670LP-A vs. FSC-A contour plots (left), gated B_585/42-A histograms (middle left), 
B_585/42-A vs. SSC-W contour plots (middle right) and SSC-W histograms (right). 
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4.4.3 Monoraphidium convolutum 9 (FW) 
   
Figure 79: Triplicate flow cytometry data series (F, G and H) with SSC-W of bisected NR fluorescing M. convolutum 9 (FW) cells treated with increasing concentrations of sodium oxamate. B_670LP-A vs. FSC-A contour plots (left), gated B_585/42-A histograms 
(middle left), B_585/42-A vs. SSC-W contour plots (middle right) and SSC-W histograms (right). 
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4.4.4 Strain 20_1 
   
Figure 80: Triplicate flow cytometry data series (A, B and C) with SSC-W of bisected NR fluorescing 20_1 cells treated with increasing concentrations of sodium oxamate. B_670LP-A vs. FSC-A contour plots (left), gated B_585/42-A histograms (middle left), 
B_585/42-A vs. SSC-W contour plots (middle right) and SSC-W histograms (right). 
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4.4.5 Kirchneriella obesa 4A_2 
   
Figure 81: Triplicate flow cytometry data series (F, G and H) with SSC-W of bisected NR fluorescing K. obesa 4A_2 cells treated with increasing concentrations of NaOx. B_670LP-A vs. FSC-A contour plots (left), gated B_585/42-A histograms (middle left), 
B_585/42-A vs. SSC-W contour plots (middle right) and SSC-W histograms (right). 
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4.5 Timed addition of sodium oxamate 
4.5.1 S. acuminatus UQ ISO 7 
 
 
Figure 82: S. acuminatus UQ ISO 7 cells treated with 0 mM NaOx (a, f), 7.5 mM NaOx (b, g), 15 mM (c, h), 30 mM (d, i) and N-depletion (e, j). Cultures across the top row were 
treated at 44 h and bottom row at 92 h. 
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4.5.2 M. convolutum 9 (FW) 
 
 
Figure 83: M. Convolutum 9 (FW) cells treated with 0 mM NaOx (a, f), 7.5 mM NaOx (b, g), 15 mM (c, h), 30 mM (d, i) and N-depletion (e, j). Cultures across the top row were 
treated at 44 h and bottom row at 92 h. 
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4.5.3 Strain 20_1 
 
 
Figure 84: Strain 20_1 cells treated with 0 mM NaOx (a, f), 7.5 mM NaOx (b, g), 15 mM (c, h), 30 mM (d, i) and N-depletion (e, j). Cultures across the top row were treated at 44 h 
and bottom row at 92 h. 
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4.5.4 K. obesa 4A_2 
 
 
Figure 85: K. Obesa 4A_2 cells treated with 0 mM NaOx (a, f), 7.5 mM NaOx (b, g), 15 mM (c, h), 30 mM (d, i) and N-depletion (e, j). Cultures across the top row were treated at 44 
h and bottom row at 92 h. 
.
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4.6 Hexaconazole and propiconazole flow cytometry data 
D. tertiolecta (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 86: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing D. tertiolecta cells treated with increasing 
concentrations of hexaconazole. B_585/42-A histograms (left) 
and SSC-W histograms (right). 
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D. tertiolecta (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 87: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing D. tertiolecta cells treated with increasing 
concentrations of propiconazole. B_585/42-A histograms 
(left) and SSC-W histograms (right). 
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C. protothecoides (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 88: Triplicate flow cytometry data series (A, B and C) of 
NR fluorescing C. protothecoides cells treated with increasing 
concentrations of hexaconazole. B_585/42-A histograms (left) 
and SSC-W histograms (right). 
 
  
171 | P a g e  
 
C. protothecoides (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 89: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing C. protothecoides cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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C. reinhardtii 137c (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 90: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing C. reinhardtii 137c cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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C. reinhardtii 137c (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 91: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing C. reinhardtii 137c cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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C. sorokiniana GWW (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 92: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing C. sorokiniana GWW cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
 
  
175 | P a g e  
 
C. sorokiniana GWW (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 93: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing C. sorokinana GWW cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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Strain 23 (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 94: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing strain 23 cells treated with increasing 
concentrations of hexaconazole. B_585/42-A histograms 
(left) and SSC-W histograms (right). 
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Strain 23 (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 95: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing strain 23 cells treated with increasing 
concentrations of propiconazole. B_585/42-A histograms 
(left) and SSC-W histograms (right). 
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Strain GR ISO 1 (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 96: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing strain GR ISO 1 cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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Strain GR ISO 1 (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 97: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing strain GR ISO 1 cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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Strain BL ISO 17 (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 98: Triplicate flow cytometry data series (A, B and C) 
of NR fluorescing strain BL ISO 17 cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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Strain BL ISO 17 (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 99: Triplicate flow cytometry data series (F, G and H) 
of NR fluorescing strain BL ISO 17 cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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M. convolutum 9 (FW) (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 100: Triplicate flow cytometry data series (A, B and 
C) of NR fluorescing M. convolutum 9(FW) cells treated 
with increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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M. convolutum 9 (FW) (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 101: Triplicate flow cytometry data series (F, G and 
H) of NR fluorescing M. convolutum 9(FW) cells treated 
with increasing concentrations of propiconazole. B_585/42-
A histograms (left) and SSC-W histograms (right). 
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Strain 20_1 (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 102: Triplicate flow cytometry data series (A, B and 
C) of NR fluorescing strain 20_1 cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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Strain 20_1 (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 103: Triplicate flow cytometry data series (F, G and 
H) of NR fluorescing strain 20_1 cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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K. obesa 4A_2 (hexaconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 104: Triplicate flow cytometry data series (A, B and 
C) of NR fluorescing K. Obesa 4A_2 cells treated with 
increasing concentrations of hexaconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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K. obesa 4A_2 (propiconazole): NR fluorescence vs. cell number and Side scatter pulse width vs. cell number 
   
Figure 105: Triplicate flow cytometry data series (F, G and 
H) of NR fluorescing K. obesa 4A_2 cells treated with 
increasing concentrations of propiconazole. B_585/42-A 
histograms (left) and SSC-W histograms (right). 
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4.7 Screen 2 media combinations for S. dimorphus 
 
Table 11: Secondary macro- and micronutrient media combinations 
Media number 
Ca Mg (KH2PO4 & K2HPO4) Fe 
1CP 0 0 0 0 
2 1 -1 0 0 
3CP 0 0 0 0 
4 0 0 1 -1 
5 -1 1 0 0 
6 -1 0 -1 0 
7CP 0 0 0 0 
8 -1 0 0 -1 
9 0 0 -1 1 
10 -1 0 0 1 
11 0 1 0 1 
12 0 1 0 -1 
13 0 -1 -1 0 
14 1 1 0 0 
15 0 0 -1 -1 
16 -1 0 1 0 
17 1 0 0 1 
18CP 0 0 0 0 
19 0 0 1 1 
20 0 -1 0 -1 
21 0 -1 1 0 
22 0 1 -1 0 
23 1 0 -1 0 
24 0 -1 0 1 
25 1 0 1 0 
26 -1 -1 0 0 
27 1 0 0 -1 
28 0 1 1 0 
 
Table 12: Concentrations for S. dimorphus nutrients in Screen 2 
Nutrient Concentration [mM] 
 -1 0 1 
CaCl2.2H2O 0.03 0.17 0.85 
MgSO4.7H2O 0.06 0.30 1.50 
KH2PO4 
0.33 1.67 8.35 
K2HPO4 
FeSO4.7H2O 0.0036 0.018 0.09 
‘0’ column are basal concentrations used in Screen 1. 
